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LONG RANGE FORCES IN IMMUNOLOGIC AND 
ENZYMATIC REACTIONS 


ALEXANDRE ROTHEN 


From the Laboratories of the Rockefeller Institute for Medical Research, N. Y. 


It is a common observation in biology that forces interplay at dis- 
tances which are very large from a molecular point of view. The pair- 
ing of chromosomes is but one of numerous examples. When the biolo- 
gist turns to the physicist or the chemist and inquires about the range 
of forces involved in molecular reactions, he receives very little help; 
he learns that effective forces extend to a few Angstrom units, that 
they diminish with the square of the distance in the case of Coulomb 
forces or are inversely proportional to the seventh power of the inter- 
atomic distance (van der Waals’ forces). When he is a little more per- 
sistent and asks what type of interaction might be expected between 
two large protein molecules he is told that “the forces between two 
protein molecules may be conveniently described in terms of the total 
electric charges of the molecules and their electric dipole moments 
and multipole moments, so long as the molecules are far apart; when 
the molecules approach one another more closely and especially when 
they come into contact, the forces are more conveniently discussed by 
considering the interactions of small parts of one molecule and small 
parts of the other.” (1) 

Such answers are totally unsatisfactory in solving the problems of 
the biologist, especially when the amazing specificity of most bio- 
logical reactions is taken into consideration. One cannot help ques- 
tioning whether the classical physical chemist is right when he tries 
to extrapolate to the world of large molecules his knowledge acquired 
in the study of small molecules. Isn’t he overlooking something in this 
attempt? As the mathematician Biser puts it (2), “An entity has 
characters and properties other than its energy content; the synthetic 
unity of the relatedness of its components is oversummative. A sys- 
tem of two electrons is not the arithmetical addition of two isolated 
electrons, its properties are not those of each taken in isolation from 
the other and added up. An entity is an oversummative whole, this 
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holds @ fortiori of organismic entities in the world.” It is interesting 
to mention in this connection the words of a biologist (3): “We can- 
not but consider the universe a series of levels of organization and 
complexity, ranging from the subatomic level, through the atom, the 
molecule, the colloidal particle, the living nucleus and cell to the organ 
and the organism, the psychological and sociological entity. It follows 
that the laws or regularities which we find at one level cannot be 
expected to appear at lower levels. The conditions for their appear- 
ance do not exist there. We must seek to elucidate the regularities 
which occur at each of these levels without attempting either to force 
the higher or coarser processes into the framework of the lower or 
finer processes, or conversely to explain the lower by the higher.” 
It is worth remembering these words when attempting to explain 
phenomena occurring among large molecules in terms of our knowl- 
edge of small molecules. 

The facts presented in this article deal with interaction between 
macromolecules. They demonstrate, if their interpretation is correct, 
that the distances at which macromolecules interact in enzymatic as 
well as in immunologic reactions, are of an entirely different order of 
magnitude from the distances involved between interacting small 
molecules. To use Needham’s phraseology, not all the laws found at 
the level of large molecules can be expected to appear at the level of 
small molecules. Most of the experiments presented in this article 
have been and will be published in detail elsewhere (4). These arti- 
cles should be consulted for a more complete description of the tech- 
nique used. 

IMMUNOLOGIC REACTIONS 


When a drop of protein solution is piaced on a clean water surface, 
the protein molecules, although soluble in water, spread at the air 
water interphase extremely rapidly and form an insoluble film. The 
thickness of such film is about 8 to 10 Angstrom units thick, and is 
independent of the original molecular weight of the material. If a 
spread protein film is submitted to compression by diminishing the 
area it occupies on the water surface, it can be transferred onto metal 
or glass slides by simply dipping the slides into the trough, according 
to the method of Blodgett and Langmuir (5). In most cases, a layer 
is transferred from the water surface onto the slide when the slide is 
brought down into the trough as well as when it is withdrawn from 
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the trough. If a film of antigenic protein thus transferred onto a slide 
is treated for a few minutes with a drop of dilute homologous anti- 
serum, a specific adsorption of antibody occurs as detected by an in- 
crease in the thickness of the film. No increase occurs upon treatment 
with a heterologous serum.* This means that unfolding of the protein 
molecule does not altogether destroy its immunologic reactivity and 
that a two-dimensional pattern 8 A thick reta'ns some of this extraordi- 
nary specificity to react with homologous antibody. In general, the 
thickness of the layer of antibody which can be specifically adsorbed 
is independent of the number of underlying layers of antigen. This 
is to be expected from a classical viewpoint, each successive layer 
acting as a blanket to the previously deposited layers so that the 
reaction takes place with the last deposited layer only. Bovine al- 
bumin layers, however, exhibit a unique property. Under special con- 
ditions, multi-layers of bovine albumin, each 8 to 10 A thick can be 
transferred onto a slide. Upon treatment of the slide with a homolo- 
gous antiserum it is found that the thickness of adsorbed antibody is 
nearly proportional to the number of underlying antigenic mono- 
layers, at least up to six layers. The thickness of the antibody layer 
is 60 A, 120 A and 180 A when the slide has been coated with two, 
four, and six monolayers of bovine albumin respectively. 

The most famous example among antigens of a nonprotein nature 
are the capsular polysaccharides from the pneumococci. Very thin 
layers 4 to 6 A thick of these polysaccharides can be adsorbed on metal 
slides coated with a few layers of Ba stearate or octadecylamine. If 
after adsorption of the polysaccharide from type III pneumococcus for - 
example, the slides are treated with a dilute homologous rabbit serum, 
increments as large as 300 A to 600 A are observed after 10 and 60 min- 
utes respectively. (No increment is observed if the polysaccharide 
is not present or if a heterologous serum is substituted for the 
homologous one.) Such thicknesses are much too large to corres- 
pond to the length of an antibody molecule and it logically follows 
that the layer of antibody is more than one molecule thick. Thus 
antibody molecules are piled up on top of each other specifically 


*Footnote: In all experiments reported here, the thickness of deposited or adsorbed films 
was measured optically by an apparatus named “ellipsometer” which permits measure- 
ments of film thickness with an accuracy of less than one A 6): The method is based 
on the change that occurs in the ellipticity of polarized light after reflection from a film 


coated slide. 
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bound with an energy large enough to prevent their washing away. 
These facts are very difficult to harmonize with the current views on 
immunological reactions, in which they are assumed to be nothing 
more than ordinary chemical reactions. 

Slides covered with transferred films of protein antigens or ad- 
sorbed layers of polysaccharide can be coated with blankets of 
inert material, such as Ba stearate, octadecylamine, heterologous pro- 
teins, or plastic films of “formvar” (a polyvinyl formal resin) or poly- 
vinyl chloride. The blankets of stearate or of long chain amines are 
transferred from a water surface as described above. The blankets 
of plastic films are formed by spreading a drop of ethylene dichloride 
solution directly on the slide which is then allowed to dry in a ver- 
tical position. These plastic blankets can also be formed first on 
glass microscope slides from which they are detached by dipping the 
slides into water. The floating blankets can then be transferred onto 
metal slides. When slides on which the antigenic layers have been 
covered with blankets of this nature are treated with homologous 
sera, a specific fixation of antibody occurs just the same. Representa- 
tive results have been summarized in fig. 1, in which it is shown that 
a blanket 200 A thick does not prevent a measurable amount of anti- 
body from being specifically adsorbed due to the presence of six 
monolayers of bovine albumin layers deposited under the blanket. 
Similarly it is found that an intervening blanket 150 A thick is neces- 
sary to prevent any specific interaction between an adsorbed layer 5 A 
_ thick of polysaccharide from type III pneumococcus, and its homolo- 

gous antibody. It is noteworthy that the nature of the blanket,— 
plastic, stearate, or amine,—has no effect on the screening action. The 
question is immediately raised as to whether the antibody molecules 
are able to diffuse through the blanket or whether they are immo- 
bilized on top of the blanket by highly specific forces. All available 
evidence is against a diffusion of the antibody molecules. The mesh 
of the fabric of Ba stearate layers seems too small to permit the 
diffusion of a rabbit antibody molecule (M = 160,000). If diffusion 
does occur the rate of the immunological reaction should be consid- 
erably slowed down by the blanket and highly dependent on the 
nature of the blanket, which is contrary to the facts. When a slide 
after specific adsorption of antibody is treated with a sodium chloride 
solution, removal of part of the antibody takes place. In contrast, a 
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FIG. 1 

Screening action of barium stearate, octadecylamine, and Formvar films on one, two, 
and three double layers of bovine albumin (Curves A, B, and C) deposited on a con- 
ditional optical gauge of two and four layers of barium stearate. Thicknesses of the 
layers of adsorbed antibody are true specific increments. Nonspecific increases vary- 
ing from 0 to 15 A, depending on the thickness of the screen, were subtracted from the 
experimental values. The symbols Bov ‘f, Bov Jf Jt, Bov iP JP JP stand for one, 
two, and three deposited double layers of bovine albumin. 
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thin blanket of formvar deposited on top of the antibody layer pre- 
vents altogether the removal of antibody by salt treatment. Before 
discussing the only tenable explanation of these phenomena I wish to 
present some other related facts which concern enxymatic action. 


ENZYMATIC REACTIONS 


When a drop of pepsin or trypsin solution at the appropriate pH 
is spread on a slide covered with one monolayer or multilayers of 
antigenic protein films, the layers are so much altered in one minute 
or so that when the slide is washed and treated with a homologous 
immune serum only a very small increase in thickness or none at all 
occurs. Similarly an adsorbed layer of polysaccharide from type III 
pneumococcus is not able to adsorb homologous antibody after it has 
been treated briefly with a solution of the specific depolymerase. Thus 
the immunological reaction occurring between films of antigen and 
antibody molecules may be utilized as a sensitive detector of enzy- 
matic action. Experiments devised to detect a long range enzymatic 
action are very simple. The antigenic layers—bovine albumin or 
polysaccharide from type III pneumococcus—are coated with blankets 
of formvar. A drop of the appropriate enzyme solution is allowed to 
stay on top of the blanket for 5 to 10 minutes and then washed off. 
The slides are then treated with homologous antibody and the increase 
in thickness which follows can be compared to that obtained on a 
blanket of similar thickness when no enzyme treatment has been 
applied. It is even better to remove the blanket after the enzyme 
treatment, by dissolving it with ethylene dichloride which does not 
impair the reactivity of either protein films or adsorbed polysaccharide 
molecules. The antigen layers may then be treated with the anti- 
serum directly. It is found that enzymatic action does take place in 
spite of an intervening blanket. In the case of the polysaccharide, 
a blanket about 180 A thick is necessary to prevent any action of the 
depolymerase on the underlying layers. Very significant results were 
obtained with antigenic layers of bovine albumin. First, the greater 
the number of underlying layers of bovine albumin the thicker the 
blanket has to be to prevent inactivation by trypsin; second, the mini- 
mum thickness of blanket which prevents trypsin from acting on a 
given number of multilayers deposited by alternate immersion or 
emersion [(¥%)n] permits complete inactivation of the same num- 
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ber of multilayers deposited by emersion only [(*)2.]. The blanket 
thickness needed for protection against trypsin ranges from 60 A for 
a double layer of bovine albumin (¥*) to 600 A when the antigen 
consists of six bovine albumin layers deposited upward (*%)«s. These 
and other facts indicate that the trypsin action cannot be explained 
by assuming mere diffusion of the enzyme molecules through the 
blanket. 

Thus the experimental evidence favors the view that long range 
interaction takes place in both immunologic and enzymatic reactions. 
In the former the interaction manifests itself by attractive forces 
extending to 200 A and more, and in the latter by the setting up of 
disintegrating vibrations in the antigenic layers at distances well over 
500 A under favorable conditions. This means that immunologic 
theories which assume that combination of antigen and antibody 
molecules occurs in stoechiometric relations between specific chemical 
groups are incorrect. The idea of valency loses its significance and the 
interaction can best be represented by an integrated field of force. 
It also means that enzymatic theories assuming a necessary inter- 
mediate complex formation are incorrect, unless one is willing to 
apply the word complex to an entity built up of two parts separated 
by distances of hundreds of Angstroms. 

What is the mechanism for such long-range action? Existing physi- 
cal theories have no immediate solution to offer, but one can at least 
speculate on the various possibilities. One important fact to keep in 
mind is the extraordinary specificity of immunologic reaction. This, 
in itself, would seem to preclude any interpretation based on specific 
induced polarization of some sort transmitted through the inert screen. 
An interpretation in which the screen would play no fundamental role 
is more likely to be correct. The screen would manifest its presence 
by a parameter such as those encountered in the transmission of elec- 
tromagnetic waves through matter (indices of refraction or dielectric 
constants, extinction coefficient). It seems logical and well compati- 
ble with the facts to assume that the energy of interaction may result 
from a resonance phenomenon between extended resonators |lo- 
cated in the antigenic layers on one hand and the antibody or enzyme 
molecules on the other. In this connection it is pertinent to quote 
from a paper by Langmuir (7) on the structure of proteins. “Thus 
the cyclol polyhedra”—more generally we may say the protein mole- 
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cular structure—‘may be characterized by a whole spectrum of fre- 
quencies definitely correlated with the symmetry of the structure as 
a whole. A single factor which disturbs the symmetry might have a 
profound effect upon some of the characteristic frequencies. If we 
imagine that these frequencies are important in the interactions be- 
tween proteins we have a possible reason for the important effects 
produced by apparently minor changes in the structure of the protein 
molecule.” I wish to emphasize the use of the words “structure as a 
whole”. In a recent work by a Russian physicist (8) the author con- 
cludes that “when considering large polyatomic systems one cannot 
neglect weak forces of interaction at long distances. When collec- 
tive interaction is taken into account there follows the presence of 
spontaneous origin of eigenfrequencies in polyatomic systems.” 

It seems hardly doubtful that cooperative events play a funda- 
mental role in the phenomena just described, cooperation not only be- 
tween the different parts of the large molecules but also between 
molecules belonging to a single layer and between the layers them- 
selves. A trivial system of cooperation, which we might call a degen- 
erate system, is represented by the charged surface of a plane con- 
denser. Its action or an elementary charge is independent of the dis- 
tance between the surface and the charge as long as the surface is 
large compared to the separating distance. Ferromagnetism is an- 
other example of cooperation whereby actions operate at great dis- 
tances. Those examples are suggestive and the highly specific effects 
observed in biological reactions might well result from cooperation. 
The biologist Needham goes as far as saying, “It does not seem so 
far to have been envisaged that a substance might be a hormone with- 
out diffusing at all. It is possible to picture a single molecule or a 
molecular aggregate (perhaps of a paracrystalline nature) exerting a 
polarizing influence around itself in all (or some) directions of space 
for a considerable distance even into microscopic dimensions.” 

If the interpretation of the facts just presented is the correct one, 
that specific long-range forces operate between macromolecules in- 
volved in immunology, in enzymology, in biology in general, a new 
field in physiology as well as in physics is opened up. These new 
forces would bridge the tremendous gap separating the distance con- 
sidered as “reactive” by the classical chemist and the distances at 
which the biologist sees specific interactions. 
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THE ELECTRON MICROSCOPE IN BIOLOGY 


Rosey C. WILLIAMS 


Department of Physics, University of Michigan 
Ann Arbor, Michigan 


A. INTRODUCTION 


In attempting to assess the actual and potential contributions of 
electron microscopy to the study of biological phenomena, one might 
be excused for remarking briefly on the more general question of the 
usefulness of seeing any object of scientific interest at a magnification 
greater than unity. A biophysicist friend recently put the question 
this way: “Why bother to magnify biological objects 200,000 times, 
when we see so much with our naked eyes that we cannot under- 
stand?” This question shows such a complete failure to comprehend 
the usefulness of optical magnification in certain fields of science, 
that its answer can well serve as an introduction to this paper. 

To a physicist, and to an inorganic chemist, there is indeed little 
reason to see things bigger or closer than they can be seen with the 
eye. The ultimate particles dealt with are hopelessly beyond the 
range of our most enhanced vision, and since their individual prop- 
erties are discoverable by indirect means, and are represented in terms 
of non-visible abstractions such as force, mass, and velocity, there is 
no particular urge to see them flying about. More importantly, and 
as we all are aware, the systems of the physicist are extremely sim- 
ple. By the time he has assembled a few electrons, protons, and neu- 
trons, he has a whole atom of a given species, and then he feels safe 
in believing that all other atoms of the species will behave identically. 
The inorganic chemist builds up a few atoms into molecules, and al- 
though he is worried by the relation of chemical bonds to structural 
details, he generally is willing to believe that a great number of his 
molecules gathered in one place will behave like an assembly of indi- 
vidual, simple molecules. 

When either the physicist or chemist inquires about the effects of 
structure on behavior, there comes a yearning for more powerful 
vision. For example, in the study of catalysis we are quite certain 
that minute structural differences influence the catalytic phenomena 
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greatly. The differences can be estimated sometimes by indirect means, 
but it would be very pleasant to be able to see the structural aspects. 

The biologist is in a much more difficult position, of course, with 
respect to complexity. But for our purposes in this paper we should 
note that: (1) the biologist’s forms come to him ready-made, and 
(2) the structural aspects of the biologist’s material are closely linked 
with the way in which he interprets function. The former point means 
that he must take the complex entities as they exist, and attempt to 
understand their integrated function, without the benefit of ideal- 
izing them into their electrons and protons. The second point is most 
important for our purposes: in our primitive state of understanding 
of biological function we cannot help but arrange our answers, part- 
ly, at least, in the terminology of geometrical structure. We hope, of 
course that everything can eventually be explained in terms of the 
fundamental units of the physicist: mass, time and force. But for the 
present, our explanations must invoke the aid of grosser types of 
description such as size, shape, crystal habit, surface roughness, and 
porosity. 

It has been the history of biological investigation that progress in 
understanding function has gone hand in hand with increased ability 
to correlate structure with function. Structure has been made evident 
through the use of the naked eye, the simple magnifier, the light 
microscope, polarization of light, x-ray diffraction, electron diffrac- 
tion, and studies of diffusion, viscosity, porosity, to mention only the 
most used instruments and methods. The proper position of the elec- 
tron microscope in this array is that it is just one more instrument for 
helping us bridge the gap between the gross explanations of gross 
forms and phenomena, and the finer explanations of atomic and mole- 
cular forms and function which can be arrived at only by inference. 
It is a particularly powerful tool, inasmuch as its ability to measure 
shape and size is at least two orders of magnitude above that of an 
optical microscope. In terms of the volumes of biological objects 
(which might be proposed as a rough sort of criterion of their com- 
plexity), its lower limit of direct detection is roughly one-millionth 
that of instruments previously used. 
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B. COMPARISON OF RESOLVING POWER OF OPTICAL 
AND ELECTRON MICROSCOPES 


The general wish of the biologist in working with a microscope is 
to see things, or photograph them, with clarity and on a large scale. 
Unfortunately, how clearly one can see things hinges upon how they 
are illuminated, as well as on how “good” an instrument one employs. 
If visible or near-ultra violet light is used, as we all know, the op- 
tical limit of clear resolution is set by just two parameters: the nu- 
merical aperture of the objective lens, and the wave length of the 
light. Generally speaking, we cannot resolve two points in an image 
if they occur closer together than the radii of their diffraction discs, 
and for optical microscopy this sets a lower limit of about 0.2 microns 
for the observable resolution in the object. 

The electron microscope is precisely the optical analogue of the 
compound optical microscope, except that it employs electrons for 
illumination of the object, and works with an astonishingly low nu- 
merical aperture. As was predicted 25 years ago, electrons have 
wave-like properties associated with them, and hence we can discuss 
electron diffraction discs just as we can in the case of the light micro- 
scope. Further, electrons can be deflected and focussed by magnetic 
fields, and hence images can be formed. The electrons generally em- 
ployed have sufficient velocities to give them a wave-length of about 
0.02 Angstrom Units, and were the electron lenses (magnetic fields) 
as relatively free of aberrations as good glass lenses, the electron mi- 
croscope could resolve objects as small as atoms. But the electron 
lenses so far developed have severe spherical aberrations, with the 
result that numerical apertures of the order of 0.01 must be used. The 
optimum condition for good image formation occurs when the diffrac- 
tion disc and the aberrational disc are about the same size. The final 
result of these considerations is that the electron microscope under 
the best conditions of operation, and with specimens of optimum con- 
trast, will resolve two points about 10 A. U. (0.001 microns) apart. 
In ordinary practice the best pictures show a resolution of about 0.003 
microns. It should be stressed, however, that such detail can be 
resolved only when it exists in the specimen! 

Resolution of the order mentioned above means that a useful mag- 
nification of about 300,000 can be expected in the best electron micro- 
graphs. A print made at this magnification will look reasonably sharp 
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when held 10 inches away, if the resolution in the original negative 
corresponds to 0.003 microns in the object. 


C. BriEF DESCRIPTION OF THE ELECTRON 
MICROSCOPE AND ITS OPERATION 


1. Principles of Operation. A few aspects of the electron micro- 
scope which relate particularly to its use in biology will be briefly 
discussed. 

The source of the electrons is an ordinary tungsten wire, of about 
0.004 inch diameter, and bent in the form of a sharply pointed hair- 
pin. The “hot spot” of the filament occurs at its extreme tip, and 
hence the illumination approximates a point source. The electrons are 
accelerated through 50,000 to 60,000 volts, and are then passed 
through a magnetic condenser lens. The power of this lens can be 
varied by changing its current as can be done with all the microscope 
lenses, and it is generally operated so as to yield nearly parallel elec- 
tron radiation upon the specimen. The particles of the specimen 
absorb very few of the electrons, but instead elastically scatter them 
in proportion to the thickness, density, and atomic number of the 
particles. The electrons so scattered do not return to the beam, but 
are scattered outside an aperture located at a principal plane of the 
objective lens. Contrast in the image of the specimen, then, is intro- 
duced by differential scattering power, rather than by differential 
absorption; in distinct opposition to the formation of contrast in an 
optical microscope. Another difference to be noted, is that the illu- 
mination undergoes random phase changes at the specimen; hence the 
points of the specimen act as independent sources of illumination (as 
seen by the objective lens), and the Airy theory of image formation 
applies, rather than the microscope theory developed by Abbe. 

Beyond the specimen the electrons go through the customary two 
lens systems to be found in any photographic microscope: the objec- 
tive lens and the projector lens. The former magnifies about 100x, 
and the magnification produced by the latter is variable from about 
10x to 150x. The electrons then fall on a fluorescent screen, where 
their intensity distribution can be visually observed at magnifications 
varying between 1000x and 15,000x. Photographs are obtained di- 
rectly on ordinary photographic plates, by turning the fluorescent 
screen out of the way. The specimen can be moved somewhat in its 
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own plane, and an area of about 0.01 cm* can be examined. A picture 
taken at 10,000x, however, covers only about 25 microns? of the speci- 
men area. 

The microscope possesses an enormous depth of focus owing to its 
extremely small effective aperture. The thickness of specimen which 
will be in good focus at one time is of the order of 1 micron, and 
hence attempts at optical sectioning are fruitless. This considerable 
depth of focus is, of course, both an advantage and disadvantage, 
since it allows everything to be in focus at once, but does not allow 
any differentiation of vertical depth in the specimen to be made. 

Naturally, the microscope can operate only with a good vacuum 
in the electron tube. The vacuum is obtained by fast pumps which 
can produce the necessary vacuum (10* mm of Hg) in about 3 
minutes if the day is reasonably dry. A poor vacuum will result in 
excessive scattering of the electrons, and an instability of the electron 
beam. The requirements for electrical and mechanical stability are 
extreme. The former is embodied very satisfactorily in the instru- 
ment, but the latter must be constantly maintained by the operator. 
As an example, a lateral motion of the specimen with respect to the 
objective lens of as much as one five-millionth of an inch (0.005 mi- 
crons) will produce an unsharpness too great for the most critical 
work. 

2. Specimen Technique. Since the electrons must penetrate both 
the specimen and the substrate upon which it is mounted, the latter 
must be quite thin. The customary practice is to form a substrate 
film of collodion or Formvar (polyvinal formal) by spreading it on 
water or glass, and then to pick up the film on a fine metal gauze. 
The films so made are usually about 50 millimicrons thick, and the 
holes in the gauze are about 25 microns across. 

There are several techniques used for the mounting of the biological 
materials, but the two most common ones only will be described. The 
material is usually suspended in normal saline or in distilled water. 
A small droplet of the suspension is placed on the film-covered gauze 
or screen and allowed to dry. If the suspending medium is saline, the 
dried material must then be gently washed with water to remove the 
salt crystals. The film plus mounted materials are then placed in 
the microscope for observation. 

The most common variant of this technique is to use some sort of 
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replica process (Schaeffer and Harker, 1942; Williams and Wyckoff, 
1946). The biological material is first placed (or allowed to grow) on 
some solid substrate, such as glass or agar. A thin layer of dilute col- 
lodion is then poured over it, and after drying, is stripped off with 
Scotch tape. The metal gauze is previously placed on the tape, so 
that the collodion film, containing the biological material partly im- 
bedded in it, is stretched across the supporting gauze, ready for ob- 
servation. 


D. DIFFICULTIES INHERENT IN THE USE OF THE 
ELECTRON MICROSCOPE 


1. Desiccation of Specimen Material. When an object is photo- 
graphed in the electron microscope it is most probably free of its 
lightly bound water. This desiccation is produced automatically, since 
the high degree of vacuum and the slight heating of the specimen 
during the operation of the microscope, will result in removing all but 
the closely bound water. A biological object subjected to this severe 
degree of dehydration will be likely to change its surface form al- 
though the effect will vary with the amount of water of hydration in 
the specimen, and the relative rigidity of its walls. In general, the 
surface effects of dehydration lessen as the size decreases, so that 
when one works with objects as small as the larger plant viruses there 
is no readily apparent deformation. With large objects, such as bac- 
teria, the effect is quite pronounced, and one cannot be sure that the 
structure he sees is closely related to the surface and interior struc- 
ture of the hydrated cell. 

Attempts have been made to obviate these difficulties, but without 
any success as yet. The effect of heating can be minimized by oper- 
ating the microscope with a very low electron beam current, and gen- 
erally there is no difficulty here. Freeze drying of the specimen has 
been tried, and types of chemical fixation, such as alcohol and for- 
malin fixation. For large sized specimens these techniques will doubt- 
less reduce the artifacts now found in ordinary dried specimens. The 
most ambitious attempt to eliminate the effects of desiccation has 
been the work with a liquid cell, with an aim toward keeping the speci- 
men wet within an air-tight cell. The fantastic technical difficulty of 
this attempt can be appreciated when one recalls that the total thick- 
ness of two cell walls, plus specimen, plus liquid, cannot be over 0.5 mi- 
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crons. It should be noted, of course, that truly small objects (diame- 
ters less than 0.2 microns or so) cannot be successfully photographed 
within a liquid on account of the great agitation of the Brownian 
motion. 

2. Electrolytic Effects of Desiccation During Preparation. Any 
biological particle which is stable only in physiological saline solution 
is due for a very rough chemical treatment before it is inserted into 
the microscope. In drying out of its saline suspension it must undergo 
a change of salt concentration that approaches saturation, and if it is 
labile or colloidally unstable, it will tend to disintegrate or aggregate. 
Then, after it is dry, it must be immersed in pure water in order that 
the salt crystals be removed from the surface of the specimen. During 
the complete preparative cycle, then, the material must undergo a 
range of saline concentration from zero to saturation. Of course, 
there are objects, such as plant viruses, which are stable in water sus- 
pensions, and even for those that are labile, it is true that the time 
spent in the non-physiological environment is small. However, this 
problem of widely fluctuating concentration of electrolyte is a serious 
one, which is only beginning to be solved. 

Three methods for remedying this difficulty suggest themselves, and 
some have been tried. One is to throw the material directly onto the 
substrate by centrifugation, so that it will adhere tightly enough to 
be washed free of salt before it dries. A similar method is to allow 
the material to adsorb to a substrate, such as glass, and wash it be- 
fore it dries. Both of these methods eliminate the development of 
high salt concentrations, but, of course, do not relieve the specimen 
of exposure to zero salt concentrations. A third possible technique, 
which we have worked with only slightly at the University of Michi- 
gan, is to place the specimen material, in saline suspension, on the 
surface of a material such as gelatin or agar which will imbibe the 
electrolyte along with the water. The salt concentration then changes 
very little during the imbibition, and very little subsequent washing 
is necessary. The material is transferred from the surface of the gela- 
tin or agar to the collodion screen by a replica process. 

3. Limits of Thickness and Lack of Contrast. The electron mi- 
croscope has serious limitations with respect to both thickness and 
thinness of the specimen to be photographed. Electrons are scattered 
so severely by even organic material that, for ordinary voltages, bio- 
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logical objects or sections thicker than about 0.5 microns cannot be 
clearly imaged. The chief remedy for this situation is in the use of 
higher voltages, and some success has been had with potentials as 
high as 300,000 volts. Another remedy attempted is that of remov- 
ing by chemical means the chief scattering agents in the object, and 
then photographing what remains. 

Objects which are very thin, or which are very uniform in thick- 
ness, are difficult to photograph owing to lack of contrast. In particu- 
lar, very small objects of diameters less than 10 millimicrons have so 
little scattering power compared with that of the substrate upon which 
they rest, that they simply cannot be discovered in the photographs. 

Fortunately, the advent of metallic shadow-casting (Williams and 
Wyckoff, 1944) has removed almost entirely the troubles associated 
with low surface contrast. This technique involves the vacuum depo- 
sition from a hot filament of a film of metal upon the mounted bio- 
logical specimen prior to insertion in the microscope. The film is de- 
posited at a large angle of incidence (70°-80°), and any object which 
projects above its surroundings will receive relatively more metal 
upon the side which faces the filament, and less to none upon the sur- 
face which is turned away from the filament. The result of this is 
that objects cast “shadows” where no metal is deposited, and when 
the shadow-cast specimen is photographed in the microscope, the 
shadows appear black and the well-coated surfaces appear white. The 
appearance of a photograph of such a specimen is interpreted exactly 
as though one were seeing the object in reflected, very oblique sun- 
light. Inasmuch as a film of metal only 0.5 millimicrons thick will 
create useable shadows, and inasmuch as the angle of deposition may 
be made sufficiently great to cause objects to cast shadows as wide 
as ten times the object’s height, it is evident that the lower limit of 
detectable size of object is very small indeed, on the order of 1 mil- 
limicron in height. The art and science of shadow-casting with re- 
spect to the lower limits of visibility will be further discussed at a 
later place in the paper. 

Of course, the effect of shadow-casting is to enhance surface con- 
tours, and consequently it hides interior detail, if any. With small 
objects, smaller than human influenza virus, shadow-casting is a clear 
gain, but with objects the size of bacteria, one should obtain photo- 
graphs before and after shadow-casting in order to avoid obscuring the 


details of any inner structure. 
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4. Electronic Stains. At the present time there are practically 
no successful techniques for staining objects for the electron micro- 
scope, and so we cannot use to the full the powerful histochemical 
tools commonly used in optical microscopy. Of course, there are some 
natural stains, in that the metals occurring in some biological materi- 
als will make them more opaque than otherwise. But, by and large, 
the science of electronic staining is in embryo, and we can usually 
discern one biological object from another only on the basis of size 
and shape. 

Some work has been done in staining with the heavy metals, and 
phosphotungstic acid, osmic acid, silver nitrate, and lead acetate 
have been successfully used (Hall, Jakus, and Schmitt, 1942; Mudd 
and Anderson, 1942) to bring out structural differences that result 
from chemical differences. This is probably the most important micro- 
scope technique which the biologist can develop as one of his con- 
tributions to electron microscopy. 

5. Wealth of Material. As every electron microscopist knows, or 
should know, the world is embarrassingly full of tiny objects which 
look alike, and which carry no printed labels! Any cellular or intra- 
cellular preparation will contain particles of all sizes, and nearly all 
shapes, down to the lower limit of detectability. Since most prepara- 
tions are made by disintegrating something, great care and skepticism 
must be exercised in interpreting the photographs. The consequence 
of this embarrassing plethora of material is that electron microscopy 
must be closely linked with the techniques of the preparative bio- 
chemist, and all possible means of purification of material, and tests 
for homogeneity and purification are to be employed. The biologist, 
of course, largely originated these methods and is familiar with them, 
but even he can become confused at the welter of stuff seen in the 
average electron micrograph. Particularly is the temptation of guess- 
ing what the answer might be to be avoided, since practically any 
photograph contains objects which look like something which one 
might have anticipated! 

A commonly employed criterion of significance in a photograph of 
biological material prepared by differential centrifugation is the uni- 
formity of size of particles, and it is just this criterion which is to be 
looked upon with greatest skepticism. All that uniformity of size may 
demonstrate is that one has a good ultra-centrifuge! In case his start- 
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ing material is homogeneous, then uniformity of size may mean some- 
thing, but many other tests of homogeneity must be devised and 
employed. 

The only solution to the dilemma discussed is a constant skepti- 
cism, and what appears to be an inordinate use of controls at every 
step to the final picture. The healthy approach to the examination of 
any picture is to assume that Nature is fooling you once again, and 
has mixed the apparent labels on the particles. 

To sum up this melancholy section, then, it would seem that the 
microscope yields good pictures of objects which may not be either 
too thick or thin, which are not properly stained or fixed, which may 
be distorted out of recognition owing to dehydration, and which are 
probably not the objects they were thought to be at all! 


F. Brier DESCRIPTION OF SOME RESULTS OF ELECTRON 
Microscopy OF BIOLOGICAL MATERIALS 


Despite the obvious and the more subtle disadvantages of the use 
of the electron microscope in biology as discussed above, a large 
amount of preliminary work has been done. Naturally, most of the 
work has been of exploratory nature, and the prominence of techni- 
cal developments has been greater than it will be when the science is 
mature. Electron microscopy will be mature when there is no longer 
a field of electron microscopy and there are no “electron micro- 
scopists”. Does anyone, anymore, call himself an optical microscopist? 
But right now we are growing up, and there are some of us so im- 
mersed in exploring the possibilities of the instrument, and in expand- 
ing its usefulness, that we will be at least partly electron microscopists 
for a few years. 

1. Bacteria and Other Unicellular Organisms. Bacteria and fungi 
were the first objects to be photographed, for the obvious reason that 
they are neither too small nor too big. A great amount of bacterial 
morphology has been done, and has proven interesting, but so far 
has not revealed many details previously unsuspected. An exciting 
search for the bacterial nucleus has been undertaken, but has shown 
no particulate inclusion which could be identified with the usual 
concept of a cellular nucleus. The most valuable work has been done 
on the reactions of bacteria with outside influences: on bacterial 
metabolism using heavy salts, on lysis by chemical and physical 
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agents, and by bacteriophage, and on differential bacterial stains. It 
is along these lines of the correlation of chemical changes with ob- 
servable physical changes that we can expect the electron microscopy 
of bacteria to progress. 

2. Cellular Constituents. Work in this field divides into five 
studies: the study of nuclear components, of the particulate material 
of the cytoplasm, of the fibrous proteins, of sections of whole cells, 
and of whole, tissue-cultured cells. 

a. Attempts have been made to obtain significant photographs 
of the chromosomic material of the nucleus (Buchholz, 1947). The 
problem here is one of dissection into small enough units to allow 
observation, without destroying the integrity of the chromosome 
bundle. Another approach is to disintegrate the nucleus, and exam- 
ine the threadlike fragments which remain. The work is entirely in 
its exploratory and demonstrative stages, and will be genuinely inter- 
esting only when a relation of chromosome appearance to function 
appears evident on the scale of size available to the electron micro- 
scope. It might be remarked, however, that, inasmuch as the micro- 
scope is particularly suited for study of size, shape and array, it would 
seem that its eventual contribution to the study of geometrical pat- 
tern of genes would be large. 

b. Of the extra nuclear particles of the cell, only the mitochon- 
dria have been reported as having been photographed in any detail 
(Claude and Fullam, 1945). Here again, the work has not proceeded 
beyond demonstration, and the interesting relations of mitochondrial 
function with general cytoplasmic and nuclear fuction have not been 
explored with the aid of the microscope. The cytoplasm is full of 
particulate material of an order of size of about 10-50 millimicrons, 
and some day there will be an assay made of the chemical identifica- 
tion and sizes of these particles, and from this will come some assist- 
ance toward the understanding of the colloidal function of the proto- 
plasm. 

c. The fibrous proteins collagen and paramyosin, and the proteins 
myosin and actin have been studied (5; Hall, Jakus, and Schmitt, 
1945; Jakus and Hall, 1947) in considerable detail with the aid of the 
electron microscope, and these researches might well serve as proto- 
types of the kind of work that can be most intelligently undertaken with 
the aid of the microscope, at this time. The problem of finding out as 
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much as possible about the muscle proteins has been paramount in these 
undertakings, and the electron microscope has been used as simply one 
of the instruments to be brought to bear on the problem. The collagen 
and paramyosin fibrils were investigated with the aid of staining and 
shadow-casting, and a beautifully regular pattern of chemically differ- 
entiated material has been found. The pattern is the visible demon- 
stration of the spacings found by x-rays, and completely confirms 
the x-ray results. Myosin and actin have been investigated as to their 
change of structure when the pH of the suspending medium is changed, 
and a remarkably reversible series of changes was observed between 
pH 7.1 and pH 4.0. 

d. For several years attempts have been made to cut sections 
thin enough for examination in the electron microscope, and occa- 
sionally success has been reported (Richards and Anderson, 1942). 
It will be recalled that a thickness of less than 0.3-0.4 microns is 
demanded, and the ordinary microtome will not produce sections that 
thin. However, in recent years a very high-speed microtome has been 
developed (O’Brien and McKinley, 1943; Fullam and Gessler, 1945), 
which appears to cut a fair percentage of extremely thin sections. 
Photographs of such material have been published, but the detail 
seen is very little better than that seen with the optical microscope. 
The technical difficulties of staining and fixing at present strongly 
limit the usefulness of the ultra-microtome, but its future usefulness 
should be enormous. 

e. A large amount of work with tissue cultures of cells has been 
performed, but few results published to date. The technique is to 
grow cells between collodion membranes in a way such as to produce 
extremely thin cells. The nucleoli, mitochondria, Golgi bodies, and 
fibrous cellular extensions have been photographed in the intact cell, 
along with many forms of uncertain identity. The effects of fixatives 
and stains has also been investigated. 

3. Viruses. The electron microscope stands supreme, of course, 
in the visual representation of the virus particles, whereas in the 
fields just discussed, it has healthy competition from the skilled use 
of the optical microscope. So far the function of the microscope has 
been largely to allow a measurement of the size and shape of the 
viruses to be made and to assist in their identification. This has been 
done for several of the plant viruses, including tobacco mosaic and 
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bushy stunt, and for a few animal viruses, chiefly human influenza 
and vaccinia (9, 12). 

Some work has been done on the habit of crystalline aggregation 
of the plant viruses (13; Price, Williams and Wyckoff, 1945), and 
the results have beautifully confirmed the x-ray data. Pictures have 
been obtained which show the regular virus array on the surface of a 
crystal, and give comfort to those who would think of the smaller 
viruses as SOLELY giant protein molecules. 

There is in progress some research on the mechanism of growth 
and multiplication of the plant viruses with the aid of the electron 
microscope. A major puzzle with respect to these viruses is the me- 
chanical form which their multiplication takes, and it is believed that 
visual observation may help to solve the puzzle. Here, of course, 
one wants to avoid working with highly purified suspensions, since 
the procedures of purification might well hide the information 
sought. In particular, we can hardly hope to find “half-grown” 
viruses in a carefully ultra-centrifuged preparation, since a good job 
of differential centrifugation will surely remove all but the viruses 
of standard size. 

Bacteriophage have been successfully photographed (8; Luria, 
Delbriick, and Anderson, 1943) and our knowledge of their 
mechanism of cell lysis and self-multiplication may well be en- 
hanced by our ability to see them at various stages. The theory 
of the action of phage has been advanced so far that it would appear 
that careful work in testing the theory by direct observation should 
be done at this time. 

4. Serum Particles. The only serum particles which have yet 
been successfully photographed are those of the hemocyanin parti- 
cles from Limulus Polyphemus (Williams and Wyckoff, 1945). These 
are found to be about 16 millimicrons in diameter, in accord with the 
ultra-centrifuge data. 

The presence of globulin molecules in rabbit serum has been sus- 
pected in an oblique way on some photographs taken to demonstrate 
the antibody-antigen reaction. Typhoid bacilli have apparently shown 
thickening of the flagella subsequent to mixture with a homologous 
antiserum, and bushy stunt virus and tobacco mosaic virus have dem- 
onstrated a failure to aggregate in their usual crystalline array after 
treatment with antisera (9; 12; Black, Price, and Wyckoff, 1946). 
Up to the present time, however, there have been published no pic- 
tures showing the antibody molecules themselves. 
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At the University of Michigan we are beginning some research 
upon the direct photography of the early stages of the precipitin re- 
action. It is believed that out of this work may come a clearer un- 
derstanding of the physical mechanism of the reaction, and that, also, 
there may be developed much more sensitive tests for the reaction. 
The problem is technically formidable, for it involves the photogra- 
phy of objects which are no larger than about 6 millimicrons in mean 
diameter; the calculated size of the globulin molecule and the anti- 
body molecules in human and rabbit sera. This corresponds to a 
molecular weight of about 170,000. Antigens can be used, of course, 
which are much smaller and also much larger. 

Our great problem to date has been the selection of a proper sub- 
strate for mounting such tiny objects. The usual substrate of elec- 
tron microscopy (collodion or Formvar) has irregularities due to 
the larger polymer particles which are grosser than the globulin mole- 
cules. We have found that ordinary microscope-slide glass has a sur- 
face which appears to be smooth even in our language of smoothness. 
The best technique of preparing the specimens, then, appears to be to 
adsorb them onto a cleaned glass surface, wash them thoroughly, 
shadow-cast them with the proper metal, and strip off a Formvar 
replica. This procedure still uses Formvar, which has a rough sur- 
face, but it is not shadow-cast, and its irregularities are consequently 
invisible. 

The remaining puzzle is the selection of a perfect metal for shadow- 
casting. It should have these properties: high atomic number, high 
melting point, not too high a boiling point, not too great adherence to 
glass. The first property allows us to shadow-cast with very thin 
films, as thin as 0.3 millimicrons. The second prevents the metal 
from granulating under the impact of the electron beam. The third 
and fourth properties are required by practicality; the boiling point 
must be low enough to allow it to be vaporized, and if the metal will 
not strip off the glass, no replicas of its shadows can be made. Except 
for the fourth property, uranium fills the bill perfectly, but so far we 
have been unable to strip it from glass. Gold has been used in the 
past, but it has a tendency to granulate, and destroy the sharpness of 
the shadows, if it is exposed to intense electron beams. At the present 
time, platinum appears to offer the most promise, although it is ex- 
tremely difficult to evaporate. The problem is a serious one for the 
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future of electron microscopy, since, without an adequately smooth 
shadow-cast substrate we cannot hope to photograph particles smaller 
than about 15 millimicrons in diameter. 


F. PROSPECTS FOR FUTURE RESEARCH 


The final privilege of one who is asked to prepare a paper of this 
general nature is to indulge in speculation as to the directions which 
future work may take. Such predictions are colored, of course, by 
the author’s wishes, and he would be rash to suppose that his pre- 
dictions will be seized upon with glee by his colleagues. However, 
enough preliminary survey work with the electron microscope has 
now been done to allow one to set down the lines of work which he 
would follow, had he the necessary time. 

Before listing some anticipated problems, one should again fix at- 
tention on the paramount usefulness of the microscope, and on its 
primary drawbacks. The electron microscope gives us just two ad- 
vantages: (1) it makes objects already seen look bigger, and (2) it 
brings within our ken objects which have never been seen before. At 
the same time, it offers at present the disadvantages of dehydration, 
limits of thickness, and lack of chemical distinctions. These are the 
facts upon which are to be visualized projects of a nature such as to 
employ the microscope to its greatest advantage: the advantage of 
watching the small-scale structural changes inherent in normal bio- 
logical function, and the phenomena resulting from changes in the en- 
vironment brought about experimentally. 

1. Needed Technical Developments. Some of the technical de- 
velopments which are now forseen, and for which there appears need, 
have been mentioned in passing in the preceding parts of the paper. 
They are listed here, along with others which may well be only 
dreams of the author: 

a. Improvement of the technique of observing non-dehydrated 
material, or of lessening the effects of dehydration by techniques such 
as freeze-drying. 

b. Control of electrolytic concentration during preparation of 
specimen. 

c. Deposition of material upon microscope screens by sedimenta- 
tion and electrophoresis. 
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d. Improvement in the preparation of biological material with a 
minimum of artifacts due to the actions of purification. 

e. Developments of stains of differential electron scattering power. 
which will aid in interpreting minute differences of structure in terms 
of biologically significant chemical differences. 

f. Improvement of substrate material, with special reference to 
smoothness. Improvement of shadow-casting methods. 

g. Development of the technique of micro-incineration of prepara- 
tions already mounted on the microscope screens. 

h. Improvement of the day-tc-day resolving power of the electron 
microscope. 

i. Development of dark-field illumination as applied to electron 
microscopy. 

2. Anticipated Problems and Lines of Research. These are list- 
ed in the form of general research problems with the clear under- 
standing that in their prosecution the electron microscope will play 
its proper role as a pertinent auxiliary to the other instruments and 
techiques used. It is also understood that the problems of tomorrow 
are largely based upon the technical developments of today, and no 
matter how badly we should like to work on completely new prob- 
lems, we are bound by practicality to that for which we are techni- 
cally prepared. Some of the problems listed are currently in research 
programs, while others are thought to be new to the experiences of 
electron microscopists. 

a. Structure of biological particles, particle aggregations, and 
fibrous material, with correlation with x-ray and optical polarization 
methods. 

b. Structure of monofilms and multiple films of the long chain 
molecules, with particular reference to the variation of structure with 
the surface conditions of the substrate. 

c. Structure and permeability factors of biological membranes, 
such as cell walls. 

d. Investigation of biological interference phenomena, and, with 
the development of stains, the interference of chemicals on the 
surfaces of large protein molecules. 

e. Interaction of antigens and antibody molecules, both in liquid 
media and adsorbed upon surfaces. 

f. Action of the larger enzyme systems upon biological substrates. 











ROBLEY C. WILLIAMS 221 


A few enzymes are large enough to be photographed, and some aspects 
of their actions should be directly observable. 

g. Mechanisms of growth and replication of viruses. 

h. The numerical assay of virus particles, analogous to the pres- 
ent methods of counting bacterial particles. 

i. Identification of virus particles, with reference to the possibili- 
ties of assisting diagnosis in disease. 

j. The action of antibiotics upon bacteria and viruses. 

k. Structure of the chromosome, with reference to the problem of 
the particulate nature of the gene. 

1. Structure of and identification of the colloidal material of the 


cytoplasm. 
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I. INTRODUCTION 


One of the most characteristic tendencies of the present period in 
the development of biology, may perhaps be seen in the focussing of 
attention on problems of specificity. As emphasized by Weiss (127), 
in spite of the widely different connotations of the word, any kind of 
specificity must, of necessity, be associated with a particular, “speci- 
fic” pattern in space or time or both. 

Thus, it is generally recognized that one of the main problems of 
modern biology is the understanding of the physical basis of speci- 
ficity, and of the mechanisms by which specific molecular configura- 
tions (or multi-molecular patterns) are developed, maintained, and 
differentiated. The means, the experimental tools for this study, are 
found in those experiments which result in inducing the formation, or 
suppressing the synthesis, or modifying the distribution of a specific 
substance or substances. Most, if not all of these, may be consid- 
ered as belonging to one (or several) of the following types of ex- 
periment: 

A) Inducing mutations, segregating genes. 

B) Inducing the formation of specific substances, or the differen- 
tiation of certain tissues, under the influence of other specific sub- 
stances, or tissues (hormones, organizers). 

C) Inducing the formation of antibodies to specific antigens. 

D) Last and, so far, least, inducing the formation of a specific en- 
zyme through the action of its specific substrate. 

The occurrence of this phenomenon of “enzymatic adaptation” has 
been recognized or, at least, suspected for nearly fifty years. How- 
ever, practically all we know about it, has come from studies on 
microorganisms. It is only relatively recently that it has attracted 
somewhat wider attention, owing to the increased interest in the 
mechanisms of synthesis of “specific” molecules. The essential reasons 
for this interest, which is especially manifest among geneticists and 
embryologists, are obvious. The widest gap, still to be filled, between 
two fields of research in biology, is probably the one between genetics 
and embryology. It is the repeatedly stated—and thus far unsolved 
problem—of understanding how cells with identical genomes may 
become differentiated, that of acquiring the property of manufactur- 
ing molecules with new or, at least, different specific patterns or con- 


figurations. 
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In search of an explanation for this dilemma, it is natural to think 
of those cases where definite foreign substances can be shown to in- 
duce the formation of “new” (or apparently so) molecular specifici- 
ties, i.e., antibody formation, and adaptive enzyme synthesis. Con- 
sideration of the former has already led to considerable speculation, 
and to precise and promising experimentation (127, 39). We shall 
consider the latter here with the object of discussing whether the 
established facts concerning substrate-induced enzyme synthesis as 
it occurs among microorganisms may help in understanding the pro- 
cesses of gene action and cellular differentiation. It is better, per- 
haps, to state at the outset that the conclusions may not appear ex- 
tremely optimistic. However, it will be realized, I believe, that al- 
though there can be little doubt about the occurrence of the phe- 
nomenon, its mechanism, its real nature, are still a matter of specula- 
tion. While speculation is justified and indispensable when based on 
facts, even on very few facts, speculations based on other speculations 
are far less justified and will be avoided, if possible. 

Numerous reviews or monographs (58, 134, 118, 34, 51, 55) have 
Gealt with the subject of microbial adaptations. No attempt will be 
made here at a thorough reviewing of the literature. Only those find- 
ings which may appear to have a particular bearing on our approach 
to the problem will be considered. I beg to apologize in advance for 
relevant papers which may have been overlooked, owing to the fact 
that many foreign publications (especially those which were pub- 
lished during the war) are still not available in France. 


II. THE OCCURRENCE OF SUBSTRATE-INDUCED ENZYME 
FORMATION 


All the most thoroughly studied enzyme systems appear to consist 
of a protein component (apoenzyme) and, in many cases, of a much 
simpler compound or compounds: coenzymes or transporters. Sub- 
strate-specificity is always associated with the former. The coenzyme 
part of the system is generally found to be active with several differ- 
ent apoenzymes. The expression, “enzyme formation,” shall be con- 
sidered here to mean “increase in substrate-specific activity of an en- 
zymatic system.” We shall admit that this is associated with a spe- 
cific configuration or pattern of a protein molecule. The use of the 
expression, “enzyme formation,” implies no hypothesis as to the na- 
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ture of the precursor or precursors of the active molecule. “Enzy- 
matic adaptation” will then mean: “apo-enzyme formation induced by 
a specific substrate.” These definitions exclude from enzymatic adap- 
tation all those cases where enzymatic activities or enzyme forma- 
tion are favored by non-specific substances, or by physico-chemical 
conditions. 

Increase of enzymatic activity induced by the specific substrate of 
this activity, has been observed exclusively in living cells, thus far, 
and, in the great majority of cases, in growing cultures. Furthermore, 
in many instances, it has not been possible to extract the enzyme or 
enzyme system in cell-free active condition, so that activity measure- 
ments have been performed with intact cells. Interpretation of such 
increases in terms of enzymatic adaptation, as defined above, may be 
subject to three types of objections: 

1) The effect might be due to an increased permeability of the cell 
membrane enabling the substrate to reach the enzyme. 

2) When observed only with proliferating cultures, the effect may 
result from the selection of preexisting spontaneous variants, the 
multiplication of which would be relatively favored, owing to their 
possessing the specific enzyme system required for metabolizing the 
substrate. 

3) Increases in efficiency of more or less complex systems involv- 
ing coenzymes, transporters, or other metabolites, may be due to the 
gradual building up of “intermediates.” 

These objections are serious and must be borne in mind in evalu- 
ating any instance where enzymatic adaptation appears to occur. 
Indeed these or similar objections have been used in a rather sys- 
tematic attempt, recently, to prove that enzymatic adaptation does 
not occur at all (104). The best way of judging their range of validity 
will be to examine briefly a few of the most typical or more thor- 
oughly studied cases of enzymatic adaptation. At the same time, the 
data will reveal two essential aspects of the phenomenon: the ex- 
treme specificity of substrate action, and the relation of enzymatic 
adaptation to synthetic processes. 


A) Carbohydrases and Proteases of Molds 


The early literature of Microbiology contains numerous references 
to phenomena which may have represented cases of enzymatic adap- 
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tation (131, 48). However, the first clear and deliberate discussion 

of such facts is found in the chapter on: “Les causes qui influent sur 

la secrétion des diastases” in Duclaux’s (38) Traité de Microbiologie 

which appeared in 1899. His observations on the production of Lab- 

ferment, casease and saccharase by Aspergilli are summarized in 

Table I. It is noted that saccharase is produced only in the presence 
TABLE I 


PRODUCTION OF SACCHARASE, CASEASE AND LABFERMENT BY Aspergillus 
Tabulated from Duclaux’s data (38) 





Enzymes produced 





Growth medium Lab Casease Saccharase 
Mineral salts + lactate 0 0 0 
Mineral salts + saccharose 0 0 + 
Milk + + 0 








of saccharose, and both proteases only when the medium contained 
milk. Similar results were found later 1901) by Went (128) in an 
extensive paper on the production of enzymes by “Monilia sito phila.”* 
He found, for intsance, that the proteases (labenzyme and “trypsin’’) 
appeared exclusively in the presence of casein or peptone, whereas 
“diastase” (amylase) was formed regardless of the composition of the 
medium. It seems highly probable that these early observations rep- 
resent true cases of enzymatic adaptation. Since the enzymes are se- 
creted into the medium, the permeability hypothesis is ruled out. 
Modern work on the proteases (mostly animal proteases, it is true) 
indicates that coenzymes are not involved in their activity, which 
would exclude the “coenzyme synthesis” hypothesis. The selection 
hypothesis is not altogether excluded, but it is very unlikely, as 
all aspergilli seem to be able to attack saccharose (124). 

It is regrettable that so few systematic attempts have been made 
at studying the adaptability of these extracellular enzymes of molds 
in recent years. However, interesting observations on the production 
of “Pectinase” by Penicillium Chrysogenum have recently been re- 
ported by Phaff (94). “Pectinase” is a complex of two enzymes: 

a) Pectinesterase (PE) which hydrolyzes methanol from the es- 
terified groups of galacturonic acid units in pectin, eee pectic 
acid and methanol. 


*The genus Monilia has attained wide recognition in recent years under the name 
of Neurospora. 
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b) Polygalacturonase, which hydrolyzes the a-glucosidic linkages 
between galacturonic acid units. Both enzymes are secreted into the 
medium, and are found in the mycelial mats only in very small quan- 
tities. Fifty-two compounds, forming the sole carbon source in the 
medium, were tested for their activity in inducing pectinase produc- 
tion. The results (summarized in table II) are eloquent with respect 
to the extreme specificity of the phenomenon. The only significantly 
active substances are: 

a) the substrate itself (pectin or pectic acid) 

b) the product of hydrolysis (d-galacturonic acid) 

c) compounds having the same configuration on carbons 2, 3, 4, 5 
and 6, i.e., the structure depicted below: 


| 
— 
ives 


| 
HOCH 


| 
HOCH 
| 
HCOH 


| 
COOH 


The activity of tragacanth gum is explained by the fact that, al- 
though it appears to be hydrolyzed by another enzyme, it yields 
d-galacturonic acid on hydrolysis. Attention should be called to the 
significant fact that both the substrate and the product of hydrolysis 
are equally effective in promoting enzyme formation. Similar obser- 
vations have been made repeatedly with carbohydrases from various 


sources (see p. 239). 


B) Amino-Acid Decarboxylases of Bacteria 

It has been shown by Gale (review 51) that amines are produced 
from amino acids by bacteria through the action of specific decar- 
boxylases. Six enzymes have been identified, each catalyzing one of 
the following reactions: 
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PECTINASE PRODUCTION BY P. CHRYSOGENUM IN STANDING CULTURES WITH A VARIETY 
oF CarBon Sources (after Phaff. 94) 








Name of compound tested Description of growth Activity 
1. L-arabinose excellent o or tr 
2. D-arabinose fair rs) 
3. D-xylose excellent ° 
4. D-glucose excellent tr 
5. D-fructose excellent tr 
6. D-mannose excellent re) 
7. D-galactose excellent ts) 
8. a-Methylglucoside excellent tr 
9. Sucrose excellent 0 
10. Lactose excellent 0 
11. Maltose excellent tr 
12. Gluconic acid excellent rt) 
13. 5-Ketogluconic acid excellent 0 
14. D-galactonic acid (y-lactone) excellent r+) 
15. L-galactonic acid (7y-lactone) fair + 
16. D-galacturonic acid excellent + 
17. L-galacturonic acid slow start, later fair ts) 
18. D-glucuronic acid excellent re) 
19. Borneol glucuronic acid no growth _ 
20. Lactic acid excellent tr 
21. Sodium pyruvate excellent ° 
22. Hydroxyacetic acid no growth — 
23. Glycerin excellent tr 
24. Ethylene glycol no growth — 
25. Propylene glycol no growth — 
26. Dulcitol good ° 
27. Dihydroxyacetone excellent o 
28. Glyceraldehyde excellent te) 
29. Oxalic acid no growth — 
30. Malonic acid no growth —_— 
31. Succinic acid excellent 0 
32. Adipic acid excellent ts) 
33. Maleic acid no growth -- 
34. Tartronic acid fair ty) 
35. D-tartaric acid good ts) 
36. DL-tartaric acid good t+) 
37. meso-Tartaric acid good o 
38. Malic acid excellent 0 
39. Saccharic acid excellent tr 
40. Citric acid excellent ry) 
41. Mucic acid fair + 
42. Dilute agar solution no growth —_ 
43. Agar hydrolyzate good re) 
44. Dextrin excellent ty) 
45. Pectin excellent + 
46. Pectic acid good + 
47. Tannic acid good 0 
48. Alginic acid fair re) 
49. Gum ghatti good ts) 
50. Gum tragacanth excellent + 
51. Gum arabic excellent ry) 
52. D-ascorbic acid fair 0 


| 
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1 (+) lysine ——-— cadaverine 

1 (+) ornithine — putresceine 

1 (+) arginine —~-— agmatine 

1 (—) tyrosine ——-— tyramine 

1 (—) histidine — histamine 

1 (+) glutamic acid — y amino-butyric acid 


Production of the enzymes occurs only under rather restricted con- 
ditions (acid pH, low temperature), the essential condition being 
the presence of the specific substrate during growth of the cultures, 
except for glutamic acid decarboxylase which is formed to a signifi- 
cant extent in amino-acid-free medium. This is shown in table III. 


TABLE III 
ADAPTIVE FORMATION OF AMINO ACID DECARBOXYLASES' IN “ESCHERICHIA COLI” 
after Gale (52) 





Additions to medium 





eo 
vy = oe 
ie} c io] eo 
rs) = z = E = EF a 
E. coli &c G = f = 3 £ 33 
Decarboxylase strain > SF 2 6 oO r £ Ss 
1(+) -Lysine 86 4 210 4 194 
1(+)-Arginine 86 0 27 330 
1(+) -Ornithine 86 3 225 145 
1(+)-Glutamic acid ye 45 88 100 
1(—) -Histidine 86 0 7 18 
1(—) -Tyrosine HE 0 60 63 


Growth medium: inorganic salt mixture, including (NH,)2HPO, + 2% glucose + 
additions (1%) as above. 

*Activities expressed in values of Qcoz at 30° C. and optimum pH. 
The increase in |-lysine decarboxylase activity occurring during 
growth of an E. coli strain in the presence of I-lysine is represented 
by fig. 1. No enzymes are formed by “resting” (i.e. non-proliferating ) 
suspensions. The enzymes have been obtained in highly active cell- 
free preparations, and the resolution of lysine, tyrosine, arginine and 
ornithine decarboxylases into an apoenzyme and a coenzyme fraction 
has been achieved (53, 43, 125). The coenzyme fraction from any one 
of the four enzymes will reactivate any one of the four apoenzymes. 
There is strong evidence that pyridoxal phosphate is the coenzyme of 
all four decarboxylases (10, 6). The observations rule out the perme- 
ability hypothesis. Any selection hypothesis would appear practically 
untenable, since the adaptation is entirely reversible: it disappears 
after a single subculture in the absence of the specific substrate. 
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FIG. 1 


INCREASE OF L-LYSINE DECARBOXYLASE ACTIVITY OF AN E. coli CULTURE GROWN ON 
SYNTHETIC MEDIUM SUPPLEMENTED WITH L-LYSINE (BASED ON DATA BY GALE 52). 


C) Galactozymase of Yeast 

This term defines a system which enables certain yeasts to ferment 
galactose. It was shown in 1901 by Dienert (25) that washed cells 
of S. cerevisiae would ferment galactose only after an induction period 
of a few hours in the presence of the substrate, whereas glucose was 
always fermented without delay. Dienert carefully studied the phe- 
nomenon, and his paper may be considered one of the classics on the 
subject. Numerous other papers have appeared since (1, 45, 46, 108, 
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109, 121, etc. . . .), and yeast fermentation of galactose is now by 
far the most thoroughly studied adaptive system. Summarizing the 
information the following facts may be considered as established: 

a) The ability to ferment galactose occurs exclusively in cells 
that have been grown on galactose, or have been incubated in a galac- 
tose solution for a few hours. No other carbohydrate produces any 
effect in inducing the formation of galactozymase. 

b) The adaptation can occur without any cell multiplication: un- 
adapted cells, suspended in a phosphate buffer without any external 
source of nitrogen, will adapt to galactose, provided galactose is pres- 
ent (25, 109, 121). This proves that selection is not involved. 

c) Cell-free ‘““Lebedew juice” from previously adapted cells fer- 
ments galactose, whereas similar preparations from unadapted cells 
are inactive, although vigorously fermenting glucose (116). This ex- 
cludes interpretations in terms of permeability changes. 

d) Active Lebedew preparations can be resolved into an “apoen- 
zyme” and a “coenzyme” fraction. Coenzyme fractions from un- 
adapted cells will reactivate apoenzyme fractions from adapted cells. 
Apoenzyme preparations from unadapted cells are not reactivated by 
coenzyme fractions from adapted cells. This has been shown by 
Euler and Jansson (45), and has been fully confirmed recently by 
Spiegelman et al. (116). 

This ensemble of results confirmed by repeated observations ap- 
pears to be explainable only on the basis of a change, induced by 
the substrate, in the apoenzyme component of the galactose-ferment- 
ing system. The fact that the pathway of galactose fermentation has 
not yet been established with certainty, does not impair this conclu- 
sion. Available evidence indicates that glucose and galactose metabo- 
lisms probably do not differ by more than the first two steps (see, 
especially, 54, 63, 92, 109). It remains to be determined whether 
galactose adaptation involves one or more different apoenzymes. 

Other adaptive enzymes have been studied in yeast, particularly 
melibiozymase and maltozymase (113, 111). Both enzymes are formed 
only in the presence of their substrate. Regarding maltozymase, an 
interesting observation has been made recently by Spiegelman in a 
personal communication. It would appear that a methyl glucoside, 
which is a close analogue of maltose (glucopyranose-4-« -glucopyra- 
noside), may exert some activity in inducing the formation of the 
enzyme, although it is apparently not attacked. 
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D) Carbohydrate-Attacking Enzymes of Bacteria 


Many common saprophytic and pathogenic bacteria (e.g. Bacteri- 
um, Escherichia, Salmonella, Eberthella, etc. . . .) are able to utilize, 
as sole carbon and energy source, a wide variety of organic com- 
pounds, mostly carbohydrates (including polyhydric alcohols). 
Among compounds commonly found to be attacked are the following: 


Pentoses d-xylose Hexoses d-glucose 
l-arabinose d-fructose 
]-rhamnose d-mannose 

l-sorbose 

Disaccharides Saccharose Trisaccharides 
maltose raffinose 
trehalose 
lactose 
melibiose 

Polysaccharides dextrin Polyhydric alcohols 
glycogen d-mannitol 
inulin d-sorbitol 

dulcitol 
glycerol 


ae 


Different genera or species, and even closely related strains of the 
same species, exhibit different “patterns” of carbohydrate attacking 
properties, proving that perhaps each one of these compounds is at- 
tacked by a specific enzyme. Mutations are frequently encountered, 
affecting the utilization of a single compound (see p. 265). 

Following the pioneer work of Karstrom (58), rather extensive 
investigations have been carried out on the adaptive properties of a 
number of these systems (119, 82, etc.). E. coli strains have been 
used in most of the studies. Table IV gives a typical example of the 
results obtained when the activity (as O, consumption) of washed 
suspensions of E. coli grown in the presence of various carbohydrates 
as sole carbon source, is tested against each of the same compounds. 
It is seen that with the majority of carbohydrates, either no activity 
or very little is recorded, except with suspensions grown in the pres- 
ence of the compound tested. With others, however, full activity is 
evidenced, regardless of the growth-substrate. When “fermentation” 
(i.e. acid production) is taken as a test, the results are duplicated. 
No adaptation is observed, as a rule, with “non-proliferating” cul- 
tures suspended in buffer without a nitrogen source (58, 85). When a 
nitrogen source (ammonia salt) is added to the buffering mixture 
in an experiment similar to the one in table IV, adaptation is seen 
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TABLE IV 
O. CONSUMPTION OF WASHED SuSPENSIONS OF E. coli (no. Hl) GRowN IN THE PRESENCE 
oF VARIOUS CARBOHYDRATES 


Ratio of O2 consumption rate at 37° in the presence of 
the following compounds (M/100), to rate in the absence 
of substrate.* Washed cells suspended in buffer with no 





Cells grown in  syn- 
thetic medium (miner- 
al salts) plus following 





compounds as sole car- N-source. 
bon source 2 y Ps ~ _ 
2 3 iS) = Pa © = © 
o z iS S a 4 2 = 5 3 
Pa ° - = S & = 2 =| 2 
S = s = S oS > cs 3 5 
5S 3s cs @ F&F & F § E 8 
8 & = a) =) =] =) an =) a) 
lactose 12 — — 22 18 — 1 — 21 1 
maltose — 14 — 20 18 -- 1 — 20 2 
trehalose —_ — 15 — 7 — — — — — 
d-glucose 1 1 1 2 18 2 1 1 19 1 
d-mannose 1 1 2 19 21 2 1 1 20 1 
d-galactose — a a 19 18 15 1 1 20 2 
d-xylose — — 1 18 17 3 12 1 19 1 
l-arabinose 1 1 1 18 17 3 1 9 19 1 
d-mannitol 1 2 oa 19 17 2 1 1 22 2 
d-sorbitol 1 1 1 19 17 3 1 1 19 11 








*As the rate of endogenous respiration is low, figures not exceeding 2 should be con- 
sidered not significant. 


to take place, as evidenced by an increasing rate of O, consumption. 
Fig. 2 gives the course of adaptation to lactose in such an experiment. 
It is seen that the rate of O., consumption increases about ten times 
in a little over 100 minutes. If this increase had to be accounted for 
by an increase of a fraction of the population composed of spontane- 
ously preadapted cells, it would follow that these cells grew at a rate 
of two divisions per hour—that is, twice as fast as fully adapted cul- 
tures are observed to grow on lactose-synthetic medium. Similar situ- 
ations obtain with the other “adaptive” carbohydrates. Furthermore, 
the adaptation is entirely and rapidly reversible. It regularly dis- 
appears after a single subculture in the absence of the specific sub- 
strate. This is sufficient to demonstrate that selection cannot account 
for the facts. 

Since cell-free extracts have repeatedly failed to exert any oxida- 
tive or fermentative activity towards the sugars, activity measure- 
ments have been performed with living, intact cells, so that interpre- 
tations based on permeability changes or “coenzyme synthesis” are 
not positively excluded. The strict specificity of the adaptation phe- 
nomenon, however, could hardly be accounted for by the latter hy- 
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pothesis, since it would imply, for instance, that each of the carbo- 
hydrates listed in table IV is handled by a different coenzyme. The 


permeability hypothesis meets with the same difficulty. It is difficult 
to see how a permeability change towards maltose could involve no 
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INCREASE IN Qoz OF E. coli CeLtts, GRowN ON Glucose, WASHED AND RESUSPENDED IN 
SYNTHETIC MEDIUM witH Lactose as SUBSTRATE. 
Warburg measurements at 37° C. 








236 THE PHENOMENON OF ENZYMATIC ADAPTATION 


change in the permeability towards a molecule identical in size and 
nearly identical in chemical properties, such as lactose. Such perfect 
specific permeability could be understood only on the basis of specific 
configurations. In other words, specific “penetration enzymes” would 
have to be assumed, and these would have to adapt in the presence 
of the substrate. The implications and consequences of such a hypo- 
thesis would be exactly the same as with the adaptive enzyme con- 
ception. 

Little is known, unfortunately, about the first steps of carbohydrate 
breakdown by bacteria. On the basis of studies on yeast, however, 
and of recent results by Doudoroff et al. (28, 29, 30), it appears very 
likely that the first step with all carbohydrates, including the di and 
tri-saccharides (see 66, 91) may be a phosphorylation. 


E) Enzymes Attacking Type Specific Pneumococcus 
Polysaccharides 

The specificity of adaptive enxyme formation is strikingly illus- 
trated by the work of Dubos (31, 32, 35, 33) on enzymes attacking 
type specific polysaccharides of Pneumococcus. By repeated subcul- 
tures from soil samples in the presence of type III polysaccharide, an 
organism was eventually isolated which proved capable of growing in 
media containing this substance as sole carbon source. Cell-free 
preparations contained an enzyme which split type III polysaccharide. 
Production of the enzyme occurred only during growth in the pres- 
ence of the substrate or of the aldobionic acid which it yields on hy- 
drolysis (See p. ). The adaptation was lost by a single sub- 
culture in the absence of substrate. Other type-specific Pneumococcus 
polysaccharides were not attacked by the enzyme, nor did they induce 
its formation. This was true even of type VIII polysaccharide, al- 
though it is closely related to type III, as evidenced by serological 
cross-reactions and chemical studies (64). Other cultures, active 
against polysaccharides of types I, II, III, V, VII and VIII have been 
isolated since, through similar methods (105, 106, 107). The obser- 
vations on type III enzyme could hardly be accounted for by any 
hypothesis not involving true enzymatic adaptation. 


F) Paba and Oaba Oxidizing Enzymes of a Soil Bacillus 
Another instance where very significant information is available 
concerning the specificity of substrate action has been provided by 
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the work of Mirick (80). Washed suspensions of an organism isolated 
from soil samples proved capable of oxidizing p-aminobenzoic acid 
(PABA), converting it to CO,, H,O and NH,. Cells grown on casein- 
hydrolysate show a very low but definite activity, which is increased 
up to twenty-five fold by a simple 12-hour subculture in the presence 
of 1% PABA. This adaptive activity is extremely labile, the “basal 
rate” being recovered in a few hours in the mere absence of PABA. 

A number of compounds related to PABA were studied, and their 
activity in inducing the formation of the PABA enzyme was compared 
with their activity as substrates of the PABA-induced enzyme. The 
results are summarized in table V. “Activity ratios” of less than 3 are 
probably not significant, since the “basal rate” is somewhat variable. 
The data clearly indicate that only those compounds which may 
serve as substrates for the enzyme show significant activity in induc- 
ing its formation. Anthranilic acid (OABA), the ortho isomer of 
PABA, has no activity of either kind. It was equally slowly attacked 
by unadapted or by PABA adapted cells. When the cells were grown 
in the presence of OABA, however, the activity towards OABA was 
increased tenfold, while the usual “basal rate” of PABA-activity was 
retained. Thus, it must be concluded that each of these two closely 
related compounds induced within the same cells the formation of 
different enzyme systems, each completely specific towards the induc- 
ing agent. While in this case (as in others where the enzymes have 
not been obtained cell-free) “permeability” or “coenzyme synthesis” 
interpretations are not positively excluded, both appear extremely 
unlikely. 


G) Other Cases of Enzymatic Adaptation 


Numerous other adaptive enzyme systems have been investigated. 
Among these may be mentioned the following: 


a) Proteases of various bacteria (26, 61, 62). 

b) “Tryptophanase” of B. coli (49, 47). 

c) “Cysteinase” of E. coli (24). 

d) Creatinase of certain soil bacilli (36, 37). 

e) Formic hydrogenlyase of E. coli, which decomposes formic acid into H2 and CO, 
(120, 117). 

f) Hyaluronidase of Streptococcus and Cl. Welchii (102, 103). 

g) “Tetrathionase” of Salmonella, an enzyme system activating tetrathionate as H 
acceptor (95, 97, 60). 

h) “Nitratase” of E. coli (96) which activates nitrate as an H acceptor, etc. 
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H) Enzymatic Adaptation and Growth 
The theory that the increase in enzymatic activity, observed under 
the influence of a specific substrate, actually represents the synthesis 
of a proteic apoenzyme molecule is strongly supported by the fact 
that conditions preventing protein synthesis appear to prevent enzy- 
matic adaptation, as well, even though the activity of the preformed 
enzyme may not be impaired. 
TABLE V 


SPECIFICITY OF STIMULATION OF THE PRODUCTION OF BACTERIAL ENZYMES CAPABLE OF 
Oxipi1zINc Para-AMINO BeEnzoic Acip (from Mirick 80) 



































Type of Substances which stimulate Substances which do not stimu- 
substance PABA-oxidizing enzymes late PABA-oxidizing enzymes 
> #% > 8 
= 30 a ~. ao 
Substance 32 27 Substance $2 23 
ye o a D 
aias “eas 
Isomer p-aminobenzoic m-aminobenzoic acid 10 0O 
acid 25.0 50.0 anthranilic acid im 615 
Amino group’ acetylated PABA 25.0 50.0 benzoylated PABA in 0 
covered glycyl PABA $2 .1a 
Amino group p-nitrobenzoic 
oxidized or acid 25.0 25.0 benzoic acid 10 2.0 
absent p-toluic acid 26 + p-hydroxybenzoic acid 0.7 2.0 
Ester methyl ester of PABA 2.0 1.0 ethyl ester of PABA 1.0 0 
novocaine 3.0 1.0 
COOH group p-aminopheny] aniline 10 0O 
absent or acetic acid 3.3 1.0 p-aminohippuric acid 1.3 0 
modified p-aminobenzyl alcohol 1.0 0 
p-aminopheny] alanine 1.0 0 
b-aminophenyl glycine — 0 
p-aminophenol 0.5 O 
arsanilic acid 04 O 
sulfanilic acid of © 
Sulfonamide sulfanilamide — oO 
drug sulfapyridine 0.6 O 
sulfathiazole 05 O 
sulfadiazine 05 O 





(1) Activity ratio = gamma of PABA oxidized in 30 minutes at 37° C. by 20 units 
of cells grown for 12 hours in casein hydrolysate medium containing 1 mg per cent of 
the indicated substance/gamma of PABA oxidized under the same conditions by 20 
units of cells grown in plain casein hydrolysate medium. 

(2) Amount destroyed — gamma of indicated substance destroyed in 30 minutes at 
37° C. by 20 units of cells specifically adapted to oxidize PABA. 

(3) Activity possibly due to slow hydrolysis with the formation of free PABA. 
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Bacteria—The above conclusions were already apparent from the 
work of Karstrom (58). He demonstrated that washed bacterial cells, 
suspended in a buffer solution with various carbohydrates, did not 
adapt, so long as no N-source was available. On the other hand, the 
absence of a N-source did not inhibit in the least the activity of pre- 
viously adapted cells. Similar results, as we have seen, are obtained 
with most of the other adaptive systems of bacteria. 

It was shown by Monod (85) that identical results could be ob- 
tained with 2-4-dinitrophenol (DNP)-inhibited bacteria. Washed 
unadapted E. coli cells were resuspended in complete synthetic media 
with xylose, or other carbohydrates attacked by adaptive enzymes. 
When M/1000 DNP was added to these suspensions, no adaptation 
occurred. When previously adapted cells were used, no further adap- 
tation was evidenced in the presence of DNP, but the activity (as 
judged from O, consumption) was unimpaired (fig. 3). Although the 
mode of action of DNP has not been established with precision, it has 
been shown repeatedly that its main effect is to inhibit assimilatory 
and synthetic activities (review 19). The inhibitory effect of DNP on 
enzymatic adaptation has been confirmed with yeast, and in addition 
it has been shown that NaN, exerts a similar action (110, 101). 

Although most adaptive enzymes of bacteria are not formed with 
“resting”? suspensions, three exceptions to this rule have been report- 
ed: formic hydrogenlyase of E. coli (120), “tetrathionase” of S. para- 
typhi (95), and “nitratase” of E. coli (96). In all three cases, how- 
ever, it seems probable that the cells still retained some synthetic 
abilities, although they did not divide. For instance, in the case of 
“nitratase,” studied by Pollock, hardly any adaptation occurs in the 
presence of formate as H-donator, whereas rapid adaptation takes 
place in the presence of mannitol, although both compounds proved 
to be equally good H-donators when previously adapted cells were 
used. The meaning of this result seems clear enough when it is 
linked to the fact that mannitol is a good carbon and energy source 
for E. coli, whereas formate is a very poor one. In the case of formic 
hydrogenlyase, no adaptation occurred unless traces of broth (i.e. of 
a nitrogen source)were added to the suspension. 

Yeast—It was shown by Dienert (25), and has been repeatedly 
confirmed since (1, 109, 121), that yeast cells could adapt to galac- 
tose in the absence of an external N supply. However, the activity 
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FIG. 3 
INHIBITION OF ADAPTATION BY D.N.P.—E. coli—WasHED SUSPENSIONS OF EQUAL 
OpticaL DENSITY 
O: consumption measurements in Warburg apparatus with M/150 substrates and M/1000 
D.N.P. (85). 


level is about twice as high when an ammonium salt is supplied (109). 
Furthermore, recent studies by Spiegelman et al. (115) indicate that 
galactose adaptation in yeast must be closely linked to energy metabo- 
lism. For instance, the adaptation was found to be exceedingly slow, 
or even impossible, according to the strains used, when performed 
under anaerobic conditions with 48 hour cultures, whereas only a 
few hours were required in the presence of oxygen. However, when 
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small amounts of carbohydrate fermentable without previous adap- 
tation were added to the galactose solution, rapid adaptation occurred. 
The rapid aerobic adaptation, on the other hand, could be shown to 
depend largely upon the oxydation of the polysaccharide reserves. 

More evidence suggesting that the adaptation of yeast cells to galac- 
tose (or maltose) involves protein synthesis, although it may occur 
with non-dividing cells, has been adduced in recent studies by Spiegel- 
man and Kamen (112). By using radio-active P,., it could be shown 
that phosphate turnover in the “nucleo-protein fraction” (NP) of 
the suspensions (i.e., the fraction remaining after successive extrac- 
tions with water, cold trichloracetic acid, alcohol and hot alcohol 
ether) was negligible when the cells were fermenting glucose in the 
absence of an ammonium salt. When an ammonium salt was added, 
so that new protoplasm would be formed, a rapid flow of P,. from the 
“Nucleo protein fraction” was observed. The important point is that 
this also occurred, even in the absence of N, when the synthesis of a 
“new” enzyme was forced by substituting galactose (or maltose) 
for glucose in the suspending fluid. In both cases, phosphate turnover 
was inhibited by DNP or sodium azide (fig. 3). This experiment ap- 
pears to indicate that adaptive enzyme formation may be linked to 
phosphate turnover in a manner similar to protein synthesis. A more 
precise interpretation is not possible for the time being, as the com- 
position of. the “NP” fraction was rather complex, including, be- 
sides nucleo proteins, metaphosphates and pyrophosphates. However, 
it would appear that the percent increase in turnover rate of the nu- 
cleic acid P component of the ‘““NP” fraction was higher than with any 
of the other components of the fraction (Spiegelman, personal com- 
munication). This appears in line with the accumulating evidence 
tending to show that nucleic acids may play an essential role in pro- 
tein synthesis (16, 18). 


Bacteriophage inhibition of enzymatic adaptation 


As an appendix to this section, some recent observations on the 
effect of bacteriophage infection of bacterial cells on enzymatic adap- 
tion may be mentioned. It had been shown by Luria and Delbriick 
(73), and confirmed by Cohen and Anderson (21) that E. coli cells 
infected with T2 bacteriophage did not multiply. O, consumption and 
growth experiments have shown (89, 90) that the formation of the 
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enzyme attacking lactose is inhibited in E. coli infected by bacterio- 
phage 9 II, although the activity of the enzyme formed during adap- 
tation previous to infection is not impaired during the latent phase 
of phage growth. These findings are in line with the recent important 
observations of Cohen (20) on the inhibition of protein synthesis in 
infected bacteria. Whether the inhibition of enzyme formation is a 
consequence, or whether it may be, in part, a cause of this general 
effect remains undecided. 


1) Conclusions 


This brief survey suffices to show on what types of evidence the 
assumption is based that specific substrates may induce the forma- 
tion of specific enzymes. It will be felt, I believe, that adaptive en- 
zymes cannot be taken for granted. In every single case under in- 
vestigation, other possibilities must be tested and shown to be in- 
adequate before concluding that true enzymatic adaptation is at work. 
Once selection mechanisms have been excluded, which is not always 
easily accomplished*, it remains to be shown that the formation 
of a specific apoenzyme is involved. Where the enzymes have not 
been obtained in pure crystalline state (and this has not been achieved 
as yet with any adaptive system), the evidence must come mainly 
from a study of the specificity of the phenomenon of induction, using 
several closely related compounds. 

While it must be admitted that in almost every single instance al- 
ternative explanations are not positively excluded, the bulk of the 
evidence is almost overwhelmingly in favor of the view that enzy- 
matic adaptation does occur—indeed, that it is a phenomenon of very 
wide and normal occurrence. 

The observations reviewed in this section appear to justify the fol- 
lowing general conclusions: 

1) The formation of most enzymes attacking exogeneous sub- 
strates is specifically increased in the presence of the specific sub- 
strate. 

2) In many cases, no appreciable enzyme formation occurs in the 
absence of the specific substrate. 

*As a matter of fact, exclusion of selection is virtually impossible in any case 


where “adaptation” is very slow and several subcultures are required to produce it. The 
chances obviously are that such a process of training involves the selection of variants. 
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3) Enzymatic adaptation is as highly specific as enzymatic activity. 
4) Enzymatic adaptation occurs only in growing cells, or at least, 
does not occur under conditions preventing protein synthesis. 


III. SusstrRaTE ACTION AND INTERACTIONS IN 
ENZYMATIC ADAPTATION 


The data so far reviewed do not, alone, give indications as to the 
mode of action of substrates in enzymatic adaptation. In this sec- 
tion we shall examine various observations and experiments on the 
role of substrates and the nature of the basic mechanisms involved. 
We shall see, in particular, that in interpreting observations we are 
once again faced with the problem of choosing between a selection 
mechanism and true adaptation—this time, however, at the intra- 
cellular level. With a little over-simplification, these two basic al- 
ternative hypotheses on the nature of substrate action might be de- 
scribed as follows: 

1) The substrate induces the formation of a “new” enzyme, the 
specific configuration of which could not, or would not, be formed at 
all in the absence of substrate. 

2) The substrate does not create a “new” molecule. It merely in- 
creases the rate of formation of an enzyme already present in the cell. 
In other words, the substrate acts by shifting the equilibrium or the 
rate of a specific synthetic reaction which the cell would be capable 
to perform, at least potentially, even in the absence of substrate. 


A) Adaptive and Constitutive Enzymes 

If the first hypothesis (let us call it, for short, the “adaptation hy- 
pothesis’) were adopted, it would seem to follow that Karstrém’s dis- 
tinction between “adaptive” and “constitutive” enzymes actually cor- 
responds ‘to essential differences in the mechanism of synthesis of 
these two “classes” of enzymes. The formation of adaptive enzymes 
would depend strictly on the presence of the substrate, whereas the ac- 
tivity of “constitutive” enzymes would be unaffected, whether or not 
their substrate was present during growth of the cell. 

It has been pointed out repeatedly, however (98, 134, 118, 51), 
that such is not the case and, consequently, that Karstrém’s classifi- 
cation should be considered purely empirical. In the first place, very 
few—if any—“constitutive” enzymes seem to be totally unaffected 
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by the presence or absence of their substrate. Although some such 
cases are occasionally observed (e.g. putrescine, agmatine, and ca- 
daverine oxidation enzymes of Ps. Pyocyanea (50), glucose enzyme 
of some E. coli strains [Monod unpublished] ), it is generally found 
that the activity of most “constitutive” enzymes is significantly and 
specifically enhanced after growth in the presence of the substrate 
(“glucozymase”) of the majority of coli strains (119), mannose, 
fructose, and mannitol enzymes of E. coli and S. typhi murium (Monod 
unpublished), etc.). On the other hand, with many “adaptive” en- 
zyme systems, unadapted cells show a slight, but significant activity 
(e.g. “galactozymase” of E. coli [119] PABA and OABA oxidizing 
enzymes of a soil bacillus studied by Mirick [80], “tryptophanase” 
of E. coli [49], amino-acid decarboxylases of E. coli [52], etc.) 

We shall see in the next section that the study of the phenomenon 
of “diauxie” (82, 86) also leads to the conclusion that the difference 
between adaptive and constitutive systems should be considered a 
quantitative rather than a qualitative one. It should be noted, also, 
that the same enzyme may appear “constitutive” in some strains, 
though “adaptive” in other, closely related strains. For instance, the 
galactose-enzyme, although generally adaptive, is found to be consti- 
tutive or ‘“semi-constitutive” (Monod unpublished) in certain EF. coli 
strains. 

It is clear that if Karstrém’s classification were to be taken liter- 
ally, only those systems where no activity whatever is recorded with 
unadapted cells should be considered strictly “adaptive.” It is obvious 
that such a view would lead to arbitrary conclusions, since the classi- 
fication would then depend exclusively upon the sensitivity of the 
methods employed for activity measurements. For these reasons, it is 
generally recognized that there is no basis for a fundamental distinc- 
tion between adaptive and constitutive enzymes. At first sight this 
might appear to lend strong support to the “selection” hypothesis, 
since it is evident that many enzymes are formed, to a significant 
extent, in synthetic media containing no trace of their substrate. But 
it should be recalled that, thus far, enzymatic adaptation has been 
observed exclusively with living cells, that all known enzymes attack 
naturally occurring or closely related compounds, and that, conse- 
quently, it is quite hopeless to attempt to prove that any enzyme 
could actually be synthesized in the absence of its substrate, since 








JACQUES MONOD 245 


it is always possible to assume that trace of the substrate may be syn- 
thesized by the cell itself. 

Thus, only one conclusion can be drawn from a discussion of this 
situation: we must look for a unitarian conception of the mechanism 
of enzymatic adaptation. Whether “adaptive” or not, it is far more 
reasonable to assume that all enzymes must be synthesized through 
essentially similar mechanisms. 


B) The Kinetics of Enzymatic Adaptation 


a) Adaptation rate as a function of substrate concentration— 
Whatever the mechanism of substrate action, it is evident that it must 
primarily involve a combination of the substrate, with a molecule 
present in the cell. If the substrate is supposed to induce the forma- 
tion of a “new” molecule, it follows that, in order to do so, it must 
combine with a molecule which is not, or at least, not yet the enzyme. 
If on the contrary, it merely increases the rate of formation of an 
enzyme already present, it seems probable that the effect should be 
attributed to the enzyme-substrate combination. If this were true, 
the rate of enzyme formation would increase with substrate concen- 
tration so long as the enzyme molecules would remain unsaturated, 
and it would become independent of substrate concentration as soon 
as saturation had been attained. On the contrary, if the combination 
effective in increasing enzyme formation involved a precursor of the 
enzyme, saturating concentrations would be expected to be higher for 
the “rate of adaptation” curve, than for the “enzyme activity” curve 
since, almost by definition, the affinity of the precursor for the sub- 
strate would be lower than that of the fully adapted enzyme. 

This could, in principle, afford a rather critical test for the two 
hypotheses. Unfortunately, experimental evidence is scant, and this 
type of experiment, when performed with living cells, may be subject 
to various objections. \One method of attacking the problem is to 
study the influence of substrate concentration on the length of the 
“induction period” (or lag phase) preceding growth of unadapted 
E. coli cells innoculated into a medium containing, as sole carbon and 
energy source, a compound attacked by an adaptive enzyme. The 
results obtained with xylose, maltose or lactose (82 and unpublished 
data) all coincide in showing that the length of the “induction period” 
is markedly reduced by increasing concentrations over a rather wide 
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range (up to about M/1000 in the case of xylose). On the contrary, 
the activity of the enzyme system as judged both from the growth 
rates and from O, consumption appears to be almost independent 
of substrate concentration,- which would mean that saturation is com- 
plete with very low concentrations (probably around M/50,000 for 
xylose). Similar observations have been made by Reiner (personal 
communication) for the adaptation of yeast to galactose. 

As noted by Monod (84), these observations do not seem to support 
the hypothesis according to which the increased rate of enzyme for- 
mation would depend on a substrate-enzyme combination. However, 
it might be dangerous to attach too much weight to that conclusion. 
One serious objection, for instance, would be the following: in experi- 
ments with carbohydrates, the substrate is also the main energy and 
carbon source for cell metabolism. If unadapted cells could metabolize 
it through another, less efficient enzyme system with low affinity, the 
rate of adaptation might depend—at the start, at least—upon the 
activity of that system, which would be highly sensitive to changes of 
concentration of the substrate. 

Another type of evidence should also be mentioned here. Un- 
adapted yeast cells, although completely incapable of fermenting it, 
show a definite respiratory activity in the presence of galactose. Thus, 
with this system it is possible to compare rate-concentration curves 
cbtained with adapted and unadapted cells, as was done by Reiner 
and Spiegelman (100), who found a tenfold increase in “affinity” after 
adaptation. This might indicate that adaptation consists of an in- 
crease in specificity, rather than in the amount of “preexisting” en- 
zyme; but it is difficult to see how it could be proved that two 
enzymes, with different affinities, may not be involved. 

Considering the great importance of these questions in the interpre- 
tation of enzymatic adaptation, it seems highly desirable that experi- 
ments be undertaken with other adaptive enzymes; if possible, they 
should be conducted with enzyme systems not involved in the energy 
metabolism of the cell. At present, it must be admitted that the evi- 
dence is not decisive, although it seems to indicate that the substrate 
may combine with a molecule other than the “preexisting”? enzyme. 

b) Adaptation as a function of time. Yudkin’s (134) “mass action” 
theory represented the first attempt at understanding the mechanism 
of enzymatic adaptation. Until then (1938), purely teleological “ex- 
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planations” prevailed.* The scheme was simple; it proposed that 

the increased rate of enzyme formation under the influence of sub- 

strate resulted from the removal of enzyme in an equilibrium reaction: 
precursor “__, enzyme 

If this be assumed, -it is clear that the increase of enzyme activity 
with time during the course of adaptation should be described by an 
equation: 

dE 

— = K (Po-E), 

dt 
where E = amount of enzyme, Po = amount of precursor at the onset 
of adaptation, and K represents a rate constant. In other words, if 
the assumption were correct, the rate of enzyme formation should 
decrease continuously with time. It was pointed out by Spiegelman 
(109) that the activity-time curve, in the case of glucozymase and 
melibiozymase systems of yeast, was far from resembling the one 
corresponding to the above equation. The initial period of adapta- 
tion, on the contrary, was characterized by a rising rate of enzyme 
formation, which fell off after some time to give an S-shaped curve. 
It was argued by Spiegelman that this S-shaped time-activity relation 
ruled out the mass-action scheme and indicated that the enzyme may 
have been endowed with self-duplicating properties. In the case of 
galactozymase adaptation, however, the conditions are such that the 
substrate itself serves as main supply for the metabolic activities of 
the cell, including the synthesis of the enzyme itself, so that some sort 
of “autocatalytic” relation might be expected anyway, whatever the 
underlying mechanisms may be. 

The available evidence indicates that the same type of S-shaped 
time-activity relation prevails in a variety of cases: formic hydro- 
genlyase (120), amino acid decarboxylases (52) (see fig. 2), nitra- 
tase (95), tetrathionase (96). Unfortunately, the same or similar ob- 
jections may be raised in all cases, and it is difficult to consider the 
results as more than an indication that the formation of adaptive 
enzymes may be more or less “autocatalytic.”” Whether this is a 


*The following quotations are rather typical: a) “. . . die glucose gewdéhnten 
Bakterien haben die saccharidasen nicht produziert, weil sie diese Enzyme bei ihrem 
Wachstum nicht brauchten.” (57) 

b) “. .. the reaction does not take place when it is not needed.” (99) 
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direct or indirect effect, and whether enzyme “growth” is inherently 
or only incidentally autocatalytic remains undecided. 

However, another type of evidence may be mentioned in connec- 
tion with this subject. It seems to be fairly well-established that the 
growth of individual bacterial cells is exponential (3, 7,9). If, during 
such exponential growth, the relative amounts of the enzymes within 
the cell are largely maintained, which seems likely, it then follows that 
each enzyme individually undergoes exponential “growth.”’ Now, this 
could be believed to reflect simply the over-all increase in metabolic 
activity, resulting from the increasing surface offered to the penetra- 
tion of nutrient compounds. On the other hand, it seems that the rate 
of growth of bacteria is not primarily limited, in general, by the 
concentration of nutrient compounds (82), but rather by the activity 
of enzymes governing energy and biosynthetic mechanisms. Inasmuch 
as this type of reasoning may be justified, when applied to this com- 
plex problem, the conclusion might be drawn that the increase of 
each “strain” of the cell’s population of specific enzymes is autocata- 
lytic.’ Further work on this essential problem of ‘“autocatalytic” en- 
zyme growth is obviously required before any definite conclusions 
can be reached. At any rate, it should be remembered that “auto- 
catalytic” is by no means equivalent to “self-reproducing.” The forma- 
tion of pepsin from pepsinogen is autocatalytic, but pepsin could 
hardly be considered a “self-reproducing unit.” 


C) Substrate Interactions in Adaptive Enzyme Formation 

The data so far reviewed emphasize the primary importance of the 
specific substrate as an effector in enzyme formation. Any conception 
oi the mode of action of substrates should, however, take into account 
another type of phenomenon which may be labeled “enzyme suppres- 
sion.” As we shall see, a study of these phenomena reveals close rela- 
tionships in the synthesis of different specific enzymes. 

As early as 1898, it was noted by Katz (59) that the production 
of “diastase” (amylase) by a Penicillium strain would occur in the 
absence of any carbohydrate, but that it was: 

a) increased in the presence of starch, 

b) slightly decreased in the presence of lactose or maltose, 

c) completely inhibited in the presence of saccharose. 


Dienert (25) found that glucose had an inhibitory effect on the 
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formation of galactozymase by yeast. This was later confirmed (46) 
and strongly emphasized by Stephenson and Yudkin (121). Numer- 
ous other observations, more or less precise, on similar interactions 
between carbohydrates have been reported (13). A systematic study 
of these effects was made possible by the discovery of the phenomenon 
of diauxie (81, 82), and established their close relationships to en- 
zymatic adaptation. 

1) The phenomenon of diauxie. The first observations were made 
in the course of an investigation on the influence of carbohydrates on 
bacterial growth rates. Previous experiments had shown that when 
various bacteria (B. subtilis, S. typhi murium, E. coli) were grown 
in synthetic media, containing the necessary mineral salts and a single 
carbohydrate as carbon and energy source, the total yield, or “amount 
of growth” (i.e. the difference between maximum density and initial 
density of the cultures) was strictly proportional to the concentra- 
tion of carbohydrates, provided the other necessary components (es- 
sentially the P and N source) were in éxcess. When growth occurred 
under these conditions, in the presence of two carbohydrates instead 
of a single one, either of two entirely different types of growth curves 
were obtained: 

a) A series of combinations of two carbohydrates resulted in per- 
fectly normal growth. The characters of the growth curve were the 
same as when single compounds were used (Fig. 4). 

b) With other combinations, on the contrary, entirely different 
results were obtained. The growth-curves exhibited two successive 
complete growth cycles, separated by a period of lag or even, in 
certain cases, of decrease (Fig. 5). 

It was possible, thus, to establish a classification of the various 
carbohydrates attacked by a given strain by reference to one of them, 
according to whether or not “diauxic’”’ growth occurred when each 
was associated with the compound chosen. For instance, using glu- 
cose as a “standard,” the following classifications were obtained: 


1°—B. subtilis “caron” 


A B 
d-glucose l-arabinose 
d-mannose maltose 
d-fructose d-sorbitol 
saccharose inositol 


d-mannitol 
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2°—E. coli “H” 


A B 
d-glucose d-galactose 
d-mannose l-arabinose 
d-fructose d-xylose 
d-mannitol ]-rhamnose 

maltose 
lactose 
d-sorbitol 
dulcitol 
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FIG. 4 


GrowtTH oF B. subtilis In SYNTHETIC MEDIUM WITH SACCHAROSE ++ D-MANNOSE AS 
Carson Source; NoRMAL GrowTH CuRVE (82). 


Compounds listed under “A” did not give rise to diauxic growth 
when associated with glucose. Those listed under “B” did. Further- 
more, with B. subtilis it was found that associating any com- 
pound of the “A” series, with any one of the “B” series, invariably 
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FIG. 5 
GrowTH oF B. subtilis IN SYNTHETIC MEDIUM WITH D-FRUCTOSE ++ L-ARABINOSE AS 
Carson Source, “Diauxic” Curve (82). 


resulted in diauxic growth. This is equally true with many E. coli 
strains, although with others (e.g., no. “H’’), fructose and mannose are 
often found not to produce diauxic growth in any combination. 

Subsequent to these first findings, rather extensive investigations 
established the following conclusions: 

1) Classification in the “A” or the “B” series does not appear to be 
associated with any particular configuration of the compounds in- 
volved. This is evident from the composition of each series, and is 
emphasized by the fact that the same compound (e.g. galactose) may 
have to be listed as “A” or “B” according to the strains used as 
tests. 

2) With any given strain, “A” compounds are invariably found to 
be attacked by “constitutive” enzymes, and “B” compounds by 
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“adaptive” enzymes. (For example, compare the classification for 
E. coli with the results listed in table IV). 

3) Each cycle in diauxic growth corresponds to the exclusive utili- 
zation of one of the two compounds. The second compound to be 
utilized is not attacked until after the first one has been completely 
exhausted. “The amount of growth” corresponding to each cycle is 
proportional to the concentration of the compound being utilized dur- 
ing that cycle (Fig. 6). 
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FIG. 6 
GrowTH or E. coli In SyNTHETIC MEDIUM WITH GLUCOSE + SORBITOL IN VARIOUS 
CONCENTRATIONS AS CARBON SOURCE 

The figures give the “amount of growth” (in arbitrary units) corresponding to each 
cycle. Substrate concentrations are: 

A)—glucose 50 y/cc, sorbitol 150 y/cc 

B)—zglucose 100 y/cc, sorbitol 100 y/cc 

C)—glucose 150 y/cc, sorbitol 50 y/cc 


4) When diauxic growth occurs, “A” compounds are attacked dur- 
ing the first growth cycle, and “B” compounds during the second (Fig. 
6, see also Fig. 7). 

5) Adaptation to the “B” compound, through several subcultures 
prior to innoculation into an A x B mixture, does not suppress diauxic 
growth, nor does it change the order of utilization of the substrates 
(see fig. 8). although the period of lag between the first and second 
growth cycle may be shortened. 
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VARIATIONS OF Qo: oF E. coli CELLS In SYNTHETIC MEDIUM wiTH GLUcosE (M/600) + 
LactosE (M/600) As CARBON SOURCE 
Warburg measurements and optical density measurements performed on the same sus- 
pensions at 37°. 


6) These effects can be understood only as the result of an inhibi- 
tory action of the “A” compounds on the formation of the adaptive 
enzymes attacking ““B” compounds (fig. 9). 

Thus, the essential fact revealed by the study of diauxie appears 
to be that the formation of a whole series of different specific enzymes 
could be inhibited in the presence of compounds which are more or 
less closely related to the substrates of these enzymes. For instance, 
with E. coli, no. ML glucose or mannitol will inhibit the formation of 
enzymes attacking galactose, xylose, arabinose, lactose, maltose, 
trehalose, sorbitol, dulcitol, rhamnose, fucose, and glycerol.’ 

Early results have demonstrated, and subsequent investigations 
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GrowTH oF E. 9 + MALTOSE 

I and II, cells previously grown on glucose. III and IV, cells previously grown on 
maltose. In both cases, glucose is utilized during first cycle of diauxic curve, and maltose 
during second cycle (82). 
have strengthened the view that the difference in behavior between 
“A” and “B“ substrates is of a quantitative rather than a qualitative 
nature. It was shown, for example (86), that in some cases the lag 
phase characteristic of diauxic growth could be partially or complete- 
ly suppressed, provided the ratio of “B” substrate to “A” substrate 
was sufficiently high (Fig. 10). This is also evidenced by the fact 
that, in a few cases, double inhibitions may be observed (Monod, un- 
published). With £. coli Hl, sorbitol, although typically “B” (since 
its utilization is inhibited by glucose), is capable of inhibiting the 
utilization of glycerol. “Triauxic” growth occurs in the presence of 
glucose + sorbitol + glycerol (fig. 11). Thus, it appears that the 
mechanisms involved in diauxic inhibition have the character of 
competitive interactions between different specific enzyme-forming 
systems. 

The existence and wide occurrences of such interactions in the syn- 
thesis of different specific enzymes attacking carbohydrates has been 
confirmed by the work of Spiegelman et al. (111) on yeasts. It was 
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FIG. 9 
INHIBITION OF ADAPTATION TO “B” CompouNnpD (LACTOSE) 
Compounp (GLUCOSE) 
O: consumption at 37° of washed suspensions of E. coli cells of equal density, in the 
presence of M/500 D.N.P. to block adaptation. 
A) M/100 lactose as substrate. Cells previously incubated for two hours with 
M/50 lactose. 
B) M/100 lactose as substrate. 
M/50 lactose + M/50 glucose. 
C) No substrate. 
Subtracting controls, lactose oxidation is ten times more active with “A” suspen- 


sions than with “B“ suspensions. 


Cells previously incubated for two hours with 
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FIG. 10 
GrowTH oF E. coli on GiucosE (20 y/cc) PLus Various CONCENTRATIONS OF XYLOSE 
(20 To 20.000 y/cc) 
Diauxic growth is suppressed when the molecular ratio is about 1/1,200 (86). 


shown that in the absence of external N, cells adapted to one sub- 
strate gradually lost their original adaptation when forced to adapt 
to another substrate. The effect was noted, even with so-called “con- 
stitutive” enzymes (e.g. glucozymase, fig. 12). When cells were adapted 
simultaneously to galactose and maltose, it appeared that the pres- 
ence of galactose severely depressed the formation of maltozymase, 
whereas maltose had little effect on galactozymase formation. Con- 
trary to the findings on bacteria, these inhibitory effects were not pro- 
duced—or only to a much lesser extent—when the cells were pro- 
vided with an external nitrogen source. Obviously, this is a corollary 
to the fact that external N is not required for enzymatic adaptation 
by yeast cells, whereas it is nearly always required for bacterial 
adaptations. 

2. Unclassified cases of enzyme suppression. The data discussed in 
this section have, thus far, been concerned only with interactions be- 
tween closely related substrates: carbohydrates and polyhydric alco- 
hols. It should be noted, however, that inhibitory effects of the pres- 
ence of carbohydrates during growth of bacteria on the formation 
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FIG. 12 
COMPETITION BETWEEN GALACTOZYMASE AND GLUCOZYMASE IN YEAST 
Cells unadapted to galactose, suspended in buffer with galactose. The galactozymase 
activity increases, while the glucozymase activity decreases, Control (black triangles = 
cells suspended in buffer with no carbon source (after Spiegelman and Dunn, 111). 


of a variety of enzymes (mostly enzymes involved in the breakdown 
of proteins) have been repeatedly observed (see review by Gale, 51). 
In some of these cases, it appears that the effect may be due to the 
acidity evolved during the fermentation of carbohydrates (12). In- 
vestigations by Epps and Gale (44) have shown, however, that acidi- 
fication of the medium could hardly account for some of the ob- 
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served inhibitions, since acid pH did not prevent the formation of the 
enzymes in carbohydrate-free media. As pointed out by Gale (51), 
it remains possible that pH changes in the internal environment of the 
cells may be responsible for the effects observed in some cases. This 
would still not explain inhibitions observed with enzymes, the pro- 
duction of which is seen to be favored by acid pH. It seems impossi- 
ble, for the time being, to decide whether or not some of these “glu- 
cose effects” have anything to do with the type of interactions ex- 
pressed in diauxic growth. , 

3) The significance of substrate interactions. The existence of 
competitive interactions in the synthesis of different specific enzymes 
appears to be a fact of fundamental significance in enzymatic adap- 
tation, and one for which any conception of the phenomenon should 
be able to account. Whatever may be the mechanism of these inter- 
actions, it is obvious that their occurrence points to a common, or at 
least a partly common origin of different specific molecules. The 
simplest way to express this is to admit that a common precursor or a 
common pool of precursor molecules (building blocks) is involved in 
the synthesis of the interacting enzymes. Admitting this, two differ- 
ent explanations may be considered: 

1) The competition occurs directly between the substrates. It is 
evident that since the enzymes are highly specific, they cannot be the 
object of the competition, and it follows then that the competitions 
must be for the common precursor. 

2) The competition occurs between the different enzyme-forming 
systems themselves. It must be further assumed, then, that the pres- 
ence of the specific substrate confers a competitive advantage upon the 
corresponding enzyme-forming system. 

Unfortunately, the facts on interactions do not permit, by them- 
selves, any choice between these two different hypotheses. But each 
of them, once admitted, imposes further conclusions: 

a) Under the first hypothesis, the substrate-precursor combina- 
tion must be assumed to, be the direct cause of the specific transforma- 
tion of the precursor (81). 

b) Under the second hypothesis, the advantage conferred upon an 
enzyme-forming system by the substrate must be explained. Since, 
in this case, the substrate would combine with the enzyme itself, it 
is only logical to assume that the primary effect of the combination 
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is that of stabilizing the enzyme, thus permitting its accumulation. 

But, this is not enough to explain the inhibitor effect on the for- 
mation of other enzymes. Accumulation of a given enzyme must be 
assumed to increase the rate of precursor disappearance. As pointed 
out, particularly by Spiegelman (115), this could be readily under- 
stood if the formation of each enzyme were autocatalytic. 

“This discussion makes it clear that the first hypothesis implies al- 
most inevitably that the substrate itself “directs” the synthesis of 
the enzyme, whereas the second hypothesis requires that at least a 
few molecules of the enzyme be formed even in the absence of sub- 
strate. In the following section, we shall see that this key problem 
cannot be answered without consulting genetical evidence. When 
this is done we shall be in a better position to re-examine the inter- 
pretation of interactions and enzyme suppression. At any rate, the 
data on interactions again emphasize that the difference between adap- 
tive and constitutive enzymes is a purely quantitative, not a qualita- 
tive one, and that a scheme of enzymatic adaptation, to be of any 
value, should be applicable to the synthesis of any enzyme, whether 
constitutive or adaptive; 


IV. ADAPTIVE ENZYMES AND GENES 


The coexistence and maintenance within a growing cell of a great 
number of different, largely independent, specific enzymes, raises the 
problem of the origin of the corresponding molecular configurations 
or patterns. Since the nature of the chemical reactions involved in 
the synthesis of these specific configurations could hardly be supposed 
to vary in each case, or—in other words—since the building blocks of 
which each of these different specific molecules is composed are es- 
sentially the same, it must inevitably be admitted that the forma- 
tion of these highly complex and highly specific molecules must in- 
volve a sort of “prototype” mechanism, where the configuration being 
formed is determined and defined by a pre-existing “master pattern” 
(c.f. 132). This conception does not imply any hypothesis as to the 
nature of the physical or chemical relations between the “master pat- 
tern” and the specific enzyme molecule being synthesized. For this 
reason, it is preferable to avoid the use of the expression, “‘template,”’ 
or “template mechanism,” since they convey the somewhat awkward 
and perhaps misleading idea of a sort of mould-cast mechanism. 
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Despite its abstract nature, this concept has the advantage of per- 
mitting a precise statement of the problem of the origin of enzyme 
specificity, and of showing that any conception of the mechanism of 
enzymatic adaptation necessarily implies an assumption of the funda- 
mental problem of relations between genes and enzymes. We have 
seen that specific substrates may, to a very large extent, determine 
the degree of activity of many enzymes within a cell. On the other 
hand, the general stability of the biochemical characteristics of any 
single cell strain makes it obvious that these characters are, to a 
great degree, determined—or, at least, limited—by hereditary fac- 
tors. The problem consists of evaluating the respective role of heredi- 
tary factors (i.e. genes or other self-duplicating units) and environ- 
mental factors (substrate) in the synthesis of an enzyme. The neces- 
sity of a “master pattern” being accepted as a postulate, then three 
hypotheses can be formed regarding the nature of the master mole- 
cule efficient in determining the specific configuration of an enzyme: 

a) The master molecule is the enzyme itself. 

b) It is another molecule formed by the cell independently of 
the presence of the substrate. 

c) The substrate acts as master molecule. 

It is clear that the first and second hypotheses are essentially simi- 
lar, in that they both imply that the specific pattern of any one en- 
zyme would, in the last analysis, be determined by one of the cell’s 
self-duplicating units. In other words, the properties of each specific 
enzyme formed by a cell would be conditioned primarily by one— 
and only one-—hereditary factor. The third hypothesis appears tempt- 
ing in many respects, since it would give the cell more “degrees of 
freedom” and, consequently, possibilities of differentiation. More pre- 
cisely, under that hypothesis it would be expected that hereditary 
factors would only determine a certain range of structural possibili- 
ties, within which specific configuration, i.e. activities, could be 
evoked by environmental factors. 

The only facts quite pertinent to this question are those concern- 
ing the inheritance of enzymes attacking exogeneous substrates of 
similar structures and chemical properties. 

In the following section we shall see what evidence there may be in 
favor of each point of view. 
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A) Types of Variability Among Carbohydrate-Attacking Enzymes 
of Bacteria 

The specific enzymes attacking carbohydrates in bacteria (e.g. E. 
coli) constitute a good object for such an inquiry. They form a 
group of some 12 or 15 specific enzymes, activating closely related 
compounds, presumably through the same or similar reactions. Close 
relationships in the mechanisms of synthesis of these enzymes is 
demonstrated by the occurrence of substrate interactions expressed 
in the phenomenon of diauxie. The assumption that each of the spe- 
cific configurations required for the performance of each of these 
adaptive properties are determined by the substrates themselves, 
may be expressed by the following general scheme: the hereditary 
properties of a given strain would determine the general configura- 
tion of a precursor molecule, endowed with a slight general activity 
towards the carbohydrates. The precursor could then combine with 
a variety of more or less closely related substrates, its transforma- 
tion into an adapted enzyme being induced by the combination. 

If such a scheme were approximately adequate, even remotely so, 
some general consequences could be deduced from it. 

a) “Adaptability” of the precursor to various carbohydrates would 
be a matter of degree. “All or none” effects would not be expected; 
slow or very slow adaptations might occur. 

b) Single mutations affecting the capacity to form several specific 
enzymes could be expected to occur. 

c) Any mutation affecting the attack of one substrate should be 
expected to alter, at least to some slight degree, the “adaptability” 
of the precursor to other related substances. 

In an attempt to verify the first possibility (Monod, unpublished), 
twenty-five strains of coliform organisms, isolated from the Seine 
river, were tested for their capacity to utilize 9 carbohydrates* 
as sole carbon source in a synthetic medium. In 31 cases out of the 
225 combinations tested, no growth occurred after two days of incu- 
bation with one of the carbohydrates. The strains were then tested 
again against each of the compounds which they had failed to utilize, 
using a different technique: a small amount (0.5%) of another carbo- 
hydrate (galactose) utilized by all these strains, was added to the 


*Trehalose, lactose, saccharose, sorbose, galactose, xylose, arabinose, sorbitol, dulcitol. 

















JACQUES MONOD 263 


medium, in addition to the compound being tested, so that some growth 
would occur in the presence of the compound. Ten tubes were innocu- 
lated in each series, and incubated for a month at 37°. No growth 
(beyond the slight growth due to the presence of galactose) was ob- 
tained in 21 out of the 31 combinations tested. In ten cases, growth 
was obtained after varying periods of time, in one or several of the 
tubes. 

Further tests were then performed to determine whether the growth 
obtained in these cases resulted from an “adaptive” or a ‘“mutative” 
change. This consisted in plating out the strain on “synthetic agar” 
medium, containing the compound under test as sole carbon source. 
In every case, only a very small fraction (10% to 10°) of the cells 
proved capable of forming colonies. When these colonies were again 
streaked out on the same medium, all, or nearly all the cells formed 
colonies. 

Thus, only three types of response were observed among the 225 
combinations tested: 

a) Immediate (although more or less rapid) growth. 

b) no growth. 

c) growth of a very small fraction of the cells, representing, in all 
probability, spontaneous variability. In other words, “all or none” 
effects prevailed, and there was no evidence of slow adaptation. 

These observations have been mentioned merely because they are 
rather typical. Doubtless, the same general conclusions could be 
drawn from a survey of the huge mass of data on “fermentative abili- 
ties of bacteria’, which play a major part in the taxonomy of many 
important groups (11). Although such classifications may be marred 
by a great deal of variability, they could not be employed at all if 
discontinuous differences were not almost always observed. 

A systematic search for “mutable” strains was undertaken in order 
to find tests for the second possibility, viz. that single mutations 
might affect the capacity to form several different enzymes. 65 
strains of coliform bacteria were plated out on “synthetic agar’ media 
containing, as sole carbon source, certain carbohydrates (d-xylose, 
l-sorbose, d-arabinose, saccharose, lactose) for which the strain-to- 
strain variability appeared to be rather high. Numerous strains proved 
to be “mutable,” as evidenced by the capacity of only a very small 
fraction of the cells to form colonies on certain compounds. Only 
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six of these mutant forms, however, proved to be stable enough to be 
used in the final test. The “positive” and the “negative” forms of 
each strain were isolated from single cells. These strains are listed in 
table VI. The positive and negative forms of each strain were then 
tested for their capacity to grow in 24 or 48 hours at 37° in the pres- 
ence of various carbohydrates. The compounds are listed in table 
VII, which summarizes the results obtained with strain X,. These 
are typical of the results obtained with all six strains: in every case 
among the 21 compounds tested, the only one towards which the 
positive and negative forms of each strain showed different properties, 
were those which had been used in selecting the mutants. With all 














TABLE VI 
List oF “MuTABLE” STRAINS 
Symbol of strain Mutable with respect to 

Xi d-xylose 
S:2 l-sorbose 
Sx l-sorbose 
Sa l-sorbose 
co d-arabinose 
ML lactose 

TABLE VII 


GrowTH RESPONSE OF “POSITIVE” AND “NEGATIVE” FORMS OF STRAIN X 1 IN THE PREsS- 
ENCE OF VARIOUS CARBOHYDRATES AS SOLE CARBON SOURCE IN SYNTHETIC MEDIUM. 
Resutts Notep AFTER 24 AND 48 Hours INCUBATION AT 37 DEGREES 








Compound tested X 1 negative X1 positive 

as carbon source 24h 48 24h 48 h 

d-xylose 0 0 + 

1-xylose 0 0 0 0 

d-arabinose 0 0 0 0 

l-arabinose + + 

1-fucose + = + 

]-rhamnose 0 0 0 0 

d-fructose + + 

1-sorbose 0 0 0 0 

d-galactose = + = + 

d-glucose — an 

maltose + + 

lactose + + + 

saccharose 0 0 0 0 

trehalose + + 

raffinose 0 0 0 0 

d-mannitol + + 

d-sorbitol 0 0 0 0 
0 0 0 0 


dulcitol 
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other compounds, the results were in complete qualitative agreement, 
although slight differences in amount or rapidity of growth were noted, 
in some cases, between “positives” and negatives” of a given strain. 

The results indicated that each of the mutations studied affected 
a single enzyme of the group. It remained to be seen whether quan- 
titative studies could not reveal more subtle correlations between 
different specific ‘“‘adaptabilities.” 

Various types of experiments were performed to test that possi- 
bility, using E. coli, no. M.L. This strain is a typical “E. coli mutabile” 
(67, 78, 79). The “normal” form (L—) does not ferment lactose or 
grow on lactose. About one in 10° cells, however, proves capable of 
growing on lactose, and giving descendants which retain that capacity 
with perfect stability (L+ form). The lactose attacking enzymes of 
the L+ strains is strictly adaptive. L+ cells grown on glucose, ex- 
hibit no activity towards lactose, provided the mechanisms of adap- 
tation are blocked by DNP, or absence of a N source (88). 

The growth-constants (maximum growth rate, total yield, duration 
of lag phase) of one L— and one L+ clone were determined (accord- 
ing to methods described in 82) in media containing the following 
carbohydrates: glucose, fructose, mannose, galactose, mannitol, mal- 
tose, trehalose. As significant differences between these two clones 
were found with several sugars, a second series of experiments was 
performed testing two or three L— and two or three L+ simultane- 
ously. It then emerged that there was indeed a significant amount of 
variability from clone to clone, but that there were apparently no con- 
stant correlations between the variations observed and the L— or L+ 
character of the clones tested. (This is uniformly true except for 
ene exception which will be discussed later.) It was then believed 
that if such variability could be checked, constant differences be- 
tween L— and L+ clones growing on various carbohydrates could 
yet be found. In the previous experiments, the clones had all been 
prepared for the tests under identical conditions, 18-hour cultures 
on glucose-synthetic medium being used. It was thought that sev- 
eral subcultures performed in the presence of the compound being 
tested would bring out, in each case, the “best possible variant” which 
could be expected not to be exactly the same in L+ and L— clones. 

Two L— and two L+ clones were subcultured in the presence of 
maltose, mannitol, trehalose or fructose, and tested on the compound 
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after ten such subcultures. When this had been accomplished, the 

growth constants on each compound, for all four clones, whether L+ 

or L— were found to agree within experimental errors. In other words, 

this process of “specific selection” had exactly the same effects on L— 

and L-+ clones (see table VIII). Furthermore, it should be noted 
TABLE VIII 

GrowTH Rate or L— anp L-+ CLONEs oF STRAIN M.L. Arter TEN SUBCULTURES IN THE 


PRESENCE OF THE COMPOUND UNDER TEST. RATES EXPRESSED AS NUMBER OF 
Divisions Per Hour, Estrmatep ACCORDING TO METHODS DESCRIBED IN (82) 





Compound tested 





as carbon source L— clones L+ clones 
II I II 
mannitol £17 7 1,15 1,18 
trehalose 1,03 1,01 1,03 
maltose 0,94 0,92 0,95 0,93 
3,22 1,21 1,19 1,22 


fructose 





that these “specifically selected” strains, although proving considera- 
bly enhanced growth-abilities in attacking the compound in the pres- 
ence of which they had been selected, did not differ, in any significant 
degree, in their properties towards other compounds, from “non- 
selected” strains. 

In only one case were constant correlations found between differ- 
ent specific activities. As these findings have been referred to in a 
paper by Lwoff (75), the rather complex nature of the results will 
be briefly summarized: it was found that the galactose attacking 
system exhibited markedly different properties (as judged from O, 
consumption and growth constants) in “normal clones’ (G—) as op- 
posed to “G+” clones, i.e. clones subcultured 8 or 12 times in galac- 
tose. Furthermore, the selection on galactose had quantitatively differ- 
ent effects when performed with L— or L+ clones. Actually, these 
observations were made before the rather extensive experiments men- 
tioned above were undertaken, and it was pointed out (75) that such 
findings agreed with the view that the L— — L+ mutation affected 
the structure of a more or less indifferent precursor, common to sev- 
eral enzymes. It must be recognized that this interpretation of the 
facts now appears doubtful, in view of the failure to find any other 
correlations between the L— — L-+ mutation and the properties of 
other specific enzymes, despite a rather obstinate search for such cor- 


relations. 
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In conclusion, it is evident that these data most strongly sug- 
gest that the “adaptive potentialities” of the cells may undergo either 
very important or slight mutative variations affecting a single en- 
zyme, without in the least the “potential properties” of other 
enzymes attacking closely related, mutually interacting sub- 
stances being affected. The quantitative data appear rather eloquent 
in that respect, and constitute more than purely negative evidence. 
They do not support the idea that hereditary factors determine only 
a “range of adaptive possibilities,” but rather indicate that the spe- 
cific properties of each enzyme are determined by an independent 
hereditary factor. It should be realized, however, that this evidence 
remains circumstantial and incomplete, as long as straight genetical 
tests have not been applied. It is hoped that Lederberg and Tatum’s 
brilliant discovery (65) might make such tests possible. 

The work of Lwoff et al. (76, 75, 77) on Moraxella should be men- 
tioned in connection with this discussion. It was discovered that, in 
these bacteria, the capacity to attack the C, dicarboxylic acids (suc- 
cinic, fumaric, malic, oxaloacetic), was linked to a single mutation, 
i.e. presumably to a single gene. It is not clear, however, whether it 
involves a single enzyme or several different ones. 


B) Mendelian Segregation of Adaptive Enzymes in Yeast 


Due to the pioneer work of Winge et al. (129) and the Linde- 
grens (review 69), the possibility of hybridizing yeasts and of an- 
alyzing physiological and other characters of haploid segregants has 
been demonstrated. Strains capable of sporulation usually produce 
asci containing four spores, which can be dissected from each other 
and planted separately on agar to yield “single spore” or “haplo- 
phase” cultures. Although cytological evidence is lacking, it may be 
considered a fact established by genetical evidence, that each of the 
four spores represents a haploid segregant from a single diploid nu- 
cleus. Spontaneous diploidization of the haplophase cultures does not 
occur, as a rule, and haploids do not sporulate. Matings can be per- 
formed between haplophase cells of suitable mating types, resulting 
in a new diploid, capable of sporulation, and, consequently, of segre- 
gation. All four segregants from strains capable of fermenting a 
given sugar (e.g. galactose) usually prove to be capable of ferment- 
ing the sugar, and the reverse is true for segregants from non-fer- 
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menters. “Wild diploids,” consequently, appear to be generally homo- 
zygous for these characters, although they may be highly heterozy- 
gous towards other characters. 

Various types of crosses between fermenters and non-fermenters 
of galactose, melibiose and maltose have been performed by Linde- 
gren et al. (69). These data have an important bearing on our dis- 
cussion, since all three sugars are attacked by adaptive, mutually 
interacting (111) enzymes. Thus, it must be remembered that the 
test was not for the presence or absence of enzyme, but for the capaci- 
ty of the cells to adapt. 

Although, as we shall see presently, the results have not been simple 
and easily interpretable in every case, one essential conclusion seems 
to be established: that the capacity to ferment any one of these three 
substrates is primarily conditioned by a single gene. The inheritance 
of galactose fermenting ability in a cross between S. cerevisiae and S. 
microellipsoideus is summarized in fig. 13. The results are typical of 
the Mendelian segregation of a single pair of alleles. Other crosses, 
involving the maltose or melibiose fermenting capacities gave the same 
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FIG. 13 
MENDELIAN INHERITANCE OF THE CAPACITY TO ForM GALACTOZYMASE IN YEAST 

Thirteen asci were analyzed from a heterozygous hybrid made by mating a galactose 
fermenter (Saccharomyces cerivisiae: G), by a non-fermenter (S. microellipsoideus: g) ; 
two spores in each of these asci furnished a galactose-fermenting “haplophase” culture, 
and two furnished a non-galactose fermenting haplophase. A backcross of fermenter to 
the fermenter parent produced thirteen asci; all four spores in each of these asci yielded 
galactose fermenting haplophases. A backcross of the non-fermenter to the non-ferment- 
ing parent produced seven asci, each of which contained four non-fermenting spores. 
A heterozygous zygote was produced by backcrossing a non-fermenter to the fermenting 
parent; six asci were analyzed and each contained two fermenting and two non-ferment- 
ing spores (after Lindegren 108). 
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results. Furthermore, independent Mendelian segregation of each pair 

of alleles appears to occur in crosses involving all three characters at 

once. On the other hand, with other crosses, irregular segregations 

occurred. An example of the type of irregularities observed is given 

by the pedigree on table IX. It is seen that, whereas hybrids II and 
TABLE IX 

FERMENTATION OF MELIBIOSE BY PROGENY OF VARIOUS CROSSES BETWEEN S. cerevisiae (m) 


AND S. carlsbergensis (M) 
(from Lindegren 69) 





Spores 
Ascus A Cc D 
S. carlsbergensis Cl M 
C5 M M M M 
C6 M M M M 
S. cerevisiae Lk5 m m m m 
Hybrid I 1 M M M M 
(Lk5B X C1A) 2 M M M M 
(m X M) 3 M M M M 
4 M M m M 
5 M M M 
6 M m M M 
7 M m M 
8 M m M m 
Hybrid II 1 M M m m 
(LkSB X Hybrid I-1A) 2 M m M 
(m X M) 3 M m M m 
4 m M m 
Hybrid III 1 M M m 
(Hybrid I-1A X I-1D) 2 M M M 
(M X M) 3 M M M M 
4 M m M M 
5 M M M 
6 M M M 
Hybrid IV 1 M m m 
(Lk5C X Hybrid I-1D) 2 M m 
3 m m M 
4 M m M m 
5 m N 
6 m M 
7 m M M m 
8 M M m m 
Hybrid V 
(Lk5C X Hybrid IV-7D) 1 m m m 
(m X m) 2 m m m 
Hybrid VI 
(C1A X Hybrid IV-7D) 1 M M M M 


(M X m) 2 m M M 
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IV furnish exclusively Mendelian ratios of segregation in each ascus, 
hybrids I and VI gave several asci where more than two of the asco- 
spores were fermenters. Furthermore, when two melibiose fermenting 
haploid cultures from “exceptional” asci were crossed, a few recessive 
non-fermenters appeared in the descendants (hybrid III). Similar ir- 
regularities have been observed in crosses involving several charac- 
ters. 

As several different interpretations (68, 109, 110, 69) of these ob- 
servations have been offered in succession, the present situation may 
appear rather confused. One of these interpretations, in particular, 
should be considered, due to its important implications. According to 
this view, the irregular ratios would be due to cytoplasmic factors, 
carried over from the crosses, infecting the protoplasm of genetically 
recessive (i.e. non-fermenting) spores. Some experiments appeared 
to bring strong support to this interpretation: it seemed that meli- 
biozymase, apparently carried in the cytoplasm of segregants from a 
hybrid, could be maintained and synthesized, provided the specific 
substrate was present, even in the absence of the M+ gene (113). 
From these and other experiments, it was concluded that the M+ 
gene, although indispensable for the initiation of melibiozymase for- 
mation, was not required for its further synthesis, since the enzyme, 
once formed, behaved in the presence of substrate as an independent 
self-reproducing unit (113, 109, 110). However, subsequent attempts 
at repeating these experiments have apparently failed (69). Further- 
more, in view of the still incomplete nature of the genetical evidence, 
it seems that several types of explanations not involving cytoplasmic 
effects could account for the facts. For instance, the possibility that 
“exceptional” spores may carry more than one chromosome (or 
chromosome fragment) of a pair is not excluded. Under these cir- 
cumstances, and until more adequate evidence becomes available, it 
does not seem necessary to postulate cytoplasmic inheritance, or cyto- 
plasmic factors of any kind, in order to explain the departures from 
Mendelian ratios observed in the inheritance of these (and other) 
characters in yeast. At any rate, the following conclusions seem to 
be fairly well-established: 

a) The capacity to form each of the adaptive enzymes, melibio- 
zymase, maltozymase, galactozymase, is primarily conditioned by a 
single gene. 
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b) Irregular ratios in the segregation of heterozygotes are fre- 
quent. The mechanism of these aberrations is unknown. 

c) No interactions in the effects of these genes have been reported. 

The significance of the data reviewed in this section for the general 
interpretation of enzymatic adaptation will be discussed in the next 
section. 


V. THE EssENTIAL FAcTorS OF ADAPTIVE ENZYME 
SYNTHESIS 


It is only too obvious that the incomplete, and sometimes conflict- 
ing nature of the evidence concerning the physiological, as well as the 
genetical aspect of enzymatic adaptation does not permit of any defini- 
tive general conclusions. However, the best way of summarizing and 
evaluating facts or interpretations will be to see how they could be 
organized into a general conception of gene-controlled, substrate- 
induced enzyme formation. It is most convenient to examine the two 
main aspects of the problem in succession: 

a) Origin of enzyme specificity. 

b) Factors controlling enzyme activity levels. 


A) The Origin of Enzyme Specificity 

It has already been admitted, as a postulate, that the synthesis of 
an enzyme molecule must involve a kind of “prototype mechanism” 
where a “master pattern” spacially determines the specific configu- 
ration considered to be the basis of specific activity. The reviewer 
is fully aware of the abstract, almost purely geometrical nature of this 
concept, which may be both too vague and, perhaps, over-exacting. 
For the present, however, it appears to be the sole conception which 
leads to understanding of the origin, maintenance, and coexistence of 
numerous specific, largely independent, biochemical activities within 
a cell. 

This concept, at least, has the advantage of immediately raising one 
basic problem in connection with enzymatic adaptation: is the speci- 
fic configuration of an adaptive enzyme conferred upon it by the sub- 
strate, or by a preexisting master molecule which is a part of, or is 
derived from, the cell’s population of self-duplicating units? We have 
noted that the various data on the physiology of adaptation and on 
substrate interactions do not answer this question. Furthermore, it 











272 THE PHENOMENON OF ENZYMATIC ADAPTATION 


is apparent that such a question could not receive an answer without 
ccnsulting genetical evidence. 

We have seen the paucity of evidence which exists concerning ‘the 
genetics of adaptive enzymes. Although very incomplete, it may be 
summarized as indicating that the specific properties of any one adap- 
tive enzyme are controlled by a single gene. However, since we have 
admitted that the synthesis of any enzyme, whether or not it is adap- 
tive, occurs through the same basic mechanism, then we may also use, 
in this discussion, the evidence on ‘‘one gene-one enzyme” relations ac- 
cumulated by the work of Beadle and Tatum and their group on Neu- 
rospora (review 9). But it must be recognized that whereas these 
data are strongly suggestive, they can not be considered as more than 
circumstantial evidence in favor of the view that the master molecule 
efficient in determining the configuration of an enzyme is the gene 
itself. An answer to the problem of the origin of enzyme specificity 
may emanate only from a close quantitative comparison of enzymatic 
genotypes and phenotypes. It is not sufficient to show, for instance, that 
a given biosynthetic reaction may be interrupted as a result of the 
mutation of a single gene. What must be shown, is that each “enzy- 
matic gene” affects the specificity of a single enzyme, or that the spe- 
cific properties of each enzyme of a group attacking closely related 
compounds depends upon a single gene which has no effect, even 
slight, on the specificity of other enzymes. 

At the present time, such evidence does not exist, and the possibility 
remains that hereditary factors may determine only a range of possi- 
bilities, or of variability, while the formation of specific molecules 
could be determined by the presence of a given substrate or com- 
pound (in some cases synthesifed by the cell itself) in the environ- 
ment. While such a possibility is not excluded, it should be empha- 
sized that no evidence im its favor appears to have been found, in 
the few cases where the genetics of adaptive enzymes has been 
studied. Adding to this the accumulating evidence tending to show 
that single genes may control single steps (i.e. presumably single en- 
zymes) in biosynthesis, it must be recognized that rather abundant 
and significant, although mainly indirect evidence exists in favor of 
the view that the specific configuration of any one enzyme is primarily 
or entirely determined by a single gene (or other self-duplicating 
unit). Obviously, this is pragmatically equivalent to assuming that 
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the gene actually confers its specific pattern upon the corresponding 
enzyme. 

We shall admit this conception in the following discussion, as it 
appears to be the most adequate and suggestive hypothesis at pres- 
ent, and one which may be submitted to experimental tests. 

This being accepted, we should, perhaps, make some assumptions 
regarding possible intermediates between the controlling gene and the 
controlled enzyme. The data on enzymatic adaptations are not very 
helpful in this respect. Nevertheless, since it has been established 
that enzymatic adaptation may occur in the absence of cellular divi- 
sion (see p. 239), it appears reasonable to assume, in accordance 
with rather widely accepted speculations (132) that the gene may act 
through some cytoplasmic “replica” (or, rather, partial replica).’ 
Furthermore, in view of the important role probably played by nu- 
cleoproteins or nucleic acids in protein synthesis (16, 18), it is tempt- 
ing to consider that these “replica” may be of nucleoproteic nature. 


B) Factors Controlling Enzyme Activity Levels 
Once it is admitted that substrates do not act as enzyme “proto- 
types,” it must be explained how they may, at the same time: 


1) Specifically increase the formation of a given enzyme. 
2) Depress, or inhibit the formation of other specific enzymes. 


Let us examine the first point separately: Since the enzyme is sup- 
posed to be present in the cell at any time, the most obvious and un- 
assuming hypothesis seems to be that the increased rate of enzyme 
formation results directly from the substrate-enzyme combination. 
Why this combination should increase the rate of enzyme formation 
is still another question. Here again, the simplest view would be that 
the substrate stabilizes the enzyme, thus permitting its accumulation. 
We have seen (p. 246) that this simple scheme does not predict 
the apparently autocatalytic shape of time-activity curves in enzy- 
matic adaptation. But, it was pointed out that the evidence is not 


*Some recent calculations by McIlwain (78a) make it appear that the activity of cer- 
tain enzymes within bacterial cells may be so small as to indicate that very few—per- 
haps even a single enzyme molecule—could account for it in some cases. MclIlwain 
suggests that in these cases the enzyme may be the gene itself. Without entirely reject- 
ing this possibility in principle, it should be pointed out that the arguments advanced 
by MclIlwain are of a purely negative nature, and it might be dangerous to base a 
fundamental distinction between types of enzymes on such arguments. 











274 THE PHENOMENON OF ENZYMATIC ADAPTATION 


conclusive and does not establish with certainty that the phenomenon 
should be considered intrinsically autocatalytic. 

Other hypotheses should be considered, however, particularly the 
one proposed by Spiegelman (111, 114) which may be called the 
“plasmagene” hypothesis. The essential assumptions are that the 
enzyme-forming gene replicas may be self-duplicating units, and that 
the complexes formed by these in asseciation with their respective 
enzymes are stabilized by the substrates, which would result in stimu- 
lating the self-duplication procedure. It is certain that such a hy- 
pothesis might account for many facts. But, precisely, because of 
its novelty and far-reaching implications, it is necessary to see 
whether it has any serious factual basis. At present, there seems to 
be practically no direct evidence in its favor (see p. 270), as op- 
posed to an enormous amount of evidence directly opposed to it; in 
other words, no authenticated cases of cytoplasmic inheritance of an 
enzyme have been reported, whereas the mere existence of Mendelian 
genetics makes it rather obvious that purely nuclear inheritance of en- 
zymatic properties must be considered an almost absolute rule. Con- 
sequently, in order to maintain the hypothesis, it is necessary to make 
further assumptions to explain why Mendelian inheritance should 
universally prevail. While such assumptions could be made, and al- 
though the plasmagene hypothesis may offer many attractive aspects, 
it does not seem possible, at this time, to consider it as more than an 
interesting suggestion worthy of being tested. 

However, substrate interactions and “enzyme suppressions’’ still 
await explanation. Under any hypothesis, these may be accounted 
for only by assuming that many different enzymes may stem from a 
common precursor, or pool of precursor molecules. Under a “stabili- 
zation” scheme, interactions might be explained by supposing that the 
precursor molecules could be resynthesized from inactivated enzyme 
molecules, according to the scheme of fig. 14. Thus, the introduction 
of substrate would both increase the rate of enzyme formation and 
decrease the rate of precursor resynthesis. The difference of level 
between adaptive and constitutive enzymes could be explained by 
different rates of inactivation, or of formation. The latter would de- 
pend on the activity or amount of the hypothetical “R.” Interac- 
tions could be explained through depletion of the precursor mole- 
cules, resulting from the increased formation of one of the enzymes. 
This is, I believe, about the simplest manner of picturing substrate 
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FIG. 14 
SCHEME OF GENE CONTROLLED ENZYME SYNTHESIS 
Enzyme produced from precursor (P) is stabilized by substrate (S) against inactiva- 
tion (“i” arrow). Inactivated enzyme contributes to precursor resynthesis (arrow from 
right to left). See p. 260. 


actions and interactions. One may even go so far as to believe that 
the enzyme-substrate combination should, in any case, shift the re- 
action rates leading to enzyme synthesis, so that this effect would 
necessarily play a role in enzymatic adaptation. The question is 
whether this type of effect may account for all the facts and, in par- 
ticular, for the interactions. Here again, it seems that an autocata- 
lytic mechanism would probably be more satisfactory. As pointed out 
by Spiegelman and Reiner (114), the interacticns are more easily un- 
derstood under the “plasmagene theory” than under a simple sta- 
bilization scheme. Moreover, without necessarily having to assume 
the existence of self-duplicating plasmagenes, the picture of the cell 
as the site of competitive interactions between independently auto- 
catalytic systems is tempting in many respects. We have seen that 
the growth of individual cells (see p. 248) has been found to be 
exponential, which could be most readily understood as resulting from 
an inherently autocatalytic growth of each of the cell’s population of 
specific molecules. 

Thus, it seems that although the conception of the enzyme as a 
self-duplicating unit meets with grave difficulties and finds little or 
ne support in the form of direct experimental evidence, there are, 
nevertheless, reasons for preferring a conception which could explain 
“autocatalytic” enzyme synthesis. As the possibility that an enzyme 
may be synthesized in the absence of a controlling gene appears to 
be disproved by the simple existence of Mendelian genetics, one should 
account for strict and continuous gene control, at the same time. Such 
a scheme could certainly be built. 

Firstly, it is logical to believe that the specific activity of an en- 
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zyme belongs essentially to some restricted areas or parts of its struc- 
ture. The gene would manufacture the “specific building blocks” re- 
quired to form those specific active sites of the enzyme. Whether the 
gene would act through the intermediate of “cytoplasmic replicas,” 
or whether the specific building blocks may be the replicas them- 
selves, need not be considered here. Let us term the specific building 
blocks, “B” units (fig. 15). These would not be enzymatically active 
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FIG. 15 
TENTATIVE SCHEME OF GENE CONTROLLED, AUTOCATALYTIC ENZYME SYNTHESIS 
G: = gene: B: = “specific building blocks” manufactured by gene; i = non-specific 
building blocks; S == substrate; i-B-i aggregates = active enzymes. 


until they were arranged into a more complex structure, which would 
be created through “polymerization” involving, besides the specific 
“B” units, non-specific (“i units) building blocks, which might be 
common to many or all enzymes or protein molecules. An essential 
assumption would then be that the probability of successful or favor- 
able arrangements between “B” and “i” units, leading to the forma- 
tion of an active enzyme molecule, should be imcreased in the pres- 
ence of other molecules already formed. This would account for the 
autocatalytic formation of enzymes, whether it would operate through 
the tendency of the pattern to expand, or to favor the formation of 
aggregates of similar structure. The substrate would then increase 
the “competitive value” of the corresponding pattern or molecular 
structure by stabilizing it. It would be also possible to suppose that 
the substrate could act more directly, by increasing the probability 
of the favorable structure being formed. (This would have the ad- 








JACQUES MONOD 277 


vantage of not restricting substrate activity to its capacity of com- 
bining with preformed enzyme molecules). Interactions could be 
readily explained as reflecting competitions between different enzyme- 
forming systems (i.e., molecules already formed, or even substrates 
alone), for the indifferent non-specific building blocks. 

The enzyme formed according to this scheme would not be a self- 
duplicating unit, since it would possess neither of the essential prop- 
erties of such a unit: 

a) It could be formed in the absence of a preexisting similar struc- 
ture. 

b) It could not perpetuate changes occurring in its specific “B” 
cemponents. Furthermore, it could not be formed in the absence of 
the gene required for the manufacture of the essential “B” units. One 
advantage of the scheme is to furnish an explanation of how a single 
gene could entirely determine the specific activity of an enzyme, al- 
though it is evident that a single gene could hardly be held solely 
responsible for the synthesis of any one protein molecule, as already 
noted by Wright (133). In connection with this, it might be interest- 
ing to consider the idea that the function of the “specific building 
block” might not be simply to form the site of the enzyme’s chemical 
activity, but to furnish a primer for the oriented aggregation of the 
“non-specific” components of the structure. 

This little scheme should not be considered as anything more than 
an attempt to show that substrate-induced, autocatalytic, competitive, 
enzyme formation can be understood without abandoning the concept 
of strict, continuous gene control. It may prove useful if it is con- 
firmed that the process of enzyme synthesis is actually inherently 
autocatalytic, although essentially conditioned by the presence of a 
single gene, in each case." 


‘Certain speculations of Hinshelwood (55) should be mentioned in connection with 
the problem of autocatalytic enzyme synthesis. In an attempt to describe the kinetics 
of bacterial growth in terms of simple models of linked enzymatic reactions, the as- 
sumption is made that each of these reactions may be represented by an equation of 
the type: 
enzyme + substrate = more enzyme + products. 

This implies that the growth of an enzyme, in the presence of substrate, is autocatalytic. 
The exact meaning of this equation has not been fully discussed by the author. How- 
ever, it should be noted that if it is to be considered a general chemical equation, it 
would mean that the enzyme actually “feeds” on the substrate. It seems unlikely that 
this would happen in the case of enzymes attacking relatively simple compounds (the 
protein molecule of catalase could scarcely be supposed to be built more or less di- 
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C) Adaptive Enzymes and Antibodies 

Reference should be made here to a possible analogy, often tenta- 
tively drawn (34, 17, 86), between antibodies and adaptive enzymes. 
The comparison is interesting, but the question is to what extent it 
may be justified. 

It does not seem that a comparison of the specificities of both types 
of substances could lead to any conclusion, since both may exhibit 
widely different “levels” of specificities. The study of antigenic prop- 
erties of enzymes appears to show that the activity of an enzyme 
may or may not be inhibited in the presence of antibody, and that 
the same enzymes, extracted from different organisms, may not cross- 
react in their respective antisera (2, 64, 123). 

The real problem is whether there may be a similarity in the origin 
of both types of active molecules. Here, again, the genetical data are 
essential. It may be considered fully established, at present, that the 
number of different specific antibodies whose formation could be 
elicited in a single organism is practically limitless (review 64). There- 
fore, except in rather special cases, antibodies could hardly be con- 
sidered as substances occurring naturally, even in traces, in the ab- 
sence of the corresponding antigen. It is evident that the antigens 
themselves must, as a rule, act, either directly or indirectly, as ‘“pro- 
totypes” in the formation of antibodies. Consequently, if we accept 
the hypothesis that the structure of enzymes is defined in each case 
by a controlling gene, it would imply that the formation of antibodies 
is an entirely different phenomenon. 

This being noted, if further work on enzymatic adaptation should 
bring evidence that the substrates may, to some degree determine the 
structure of an enzyme, the idea that similar mechanisms may be 
at work will have to be examined. The work of Pauling (93), and 
the recent findings of Loiseleur showing that “anti-substances’’ to 
very simple molecules (carbohydrates, alcohols, tartaric acid) can 
be induced both in vitro and in vivo, might then prove very useful 
in understanding the formation of enzymes endowed with similar spe- 
cificities (70). 


rectly, from H, O2), and would be extremely difficult to understand in any case. If 
the equation does not represent any particular hypothesis and is merely intended to 
describe the fact that bacteria grow exponentially, then it is devoid of any explanatory 


value. 
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VI. ApbaAptTIvE ENZYMES AND CELLULAR DIFFERENTIATION 


The reviewer would hardly feel competent to engage in a general 
discussion on the nature of cellular differentiation. We shall simply 
try to determine whether the observations on enzymatic adaptation 
in microorganisms may aid in understanding the processes of cellular 
differentiation in higher organisms. 

It is sufficiently obvious that in a phenomenon as complex as the 
differentiation of tissues and organs, several profoundly different 
mechanisms must be at work. To begin with we may, somewhat ar- 
tificially, perhaps, distinguish between “spontaneous” and “induced”’ 
differentiation. For instance, the differentiation of blastomeres in the 
segmentation of a mosaic egg may be considered an almost auto- 
matic result of the unequal distribution of cytoplasmic components 
in the original egg. Differentiation, here, is “spontaneous,” in the 
sense that it occurs without the help of outside influences. In gen- 
eral, it appears that this type of process may often account for the 
main differentiations occurring in the early stages of development. 
However, we shall concern ourselves herein mainly with “induced” 
differentiation, brought about through the action of influences ema- 
nating from without, the importance of which increases as develop- 
ment proceeds. What we should consider are which external causes 
may determine cells with identical genomes and similar cytoplasmic 
composition, to differentiate into strains possessing different morpho- 
logical, physiological, and biochemical properties. We shall admit, 
without searching for concrete examples, that these different proper- 
ties must be considered as reflecting, at least to a large extent, differ- 
ences in the enzymatic composition of the cells. 

In this discussion, it is essential to distinguish between the two 
types of differentiation: 

a) Reversible modifications for which we shall adopt the appella- 
tion of “modulation” proposed by Weiss (126). 

b) Irreversible modifications or differentiation sensu stricto. 


A) Modulations 

A modulation may be defined as a change in the properties of a 
cell, occurring under an external influence, involving no irreversible 
modification in the potentialities of the cell. This means that the cell, 
or cell lineage, once removed from the influence causing a given 
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modulation, will resume its former properties and still be capable of 
undergoing other modulations under other influences. Examples need 
not be given here, since it is well-known that such reversible changes 
are extremely frequent and play a very important part both in devel- 
opment, and in the physiology of adult organisms. As a matter of 
fact, it would appear that many apparently permanent differentia- 
tions may, in reality, be modulations, as evidenced by the profound 
de-differentiations generally exhibited by tissue-culture cells. This 
will be discussed further in the next section. 

It has been proposed by Weiss (127) that consideration should 
be given to modulations and differentiations in terms of ‘molecular 
ecology” where the cell is viewed as a complex population of specific 
molecules and molecular groups, cellular organizations resulting from 
the interactions, competitions and regroupings of the elementary 
units. There is little doubt that such a conception is far more fruit- 
ful and adequate than the older concept of the cell as a more or less 
complex “machine.” In terms of “molecular ecology,” modulations 
could consist of mere regroupings of existing molecular species, or of 
changes in the relative amounts of certain molecular species or genera, 
induced under the influence of the environment. It suffices to state 
the general observations on modulations (see 126) in these terms, 
to realize that the same terms would be perfectly adequate in de- 
scribing enzymatic adaptations, as observed in microorganisms. The 
specific, selective action of a substrate, favoring the accumulation, 
and increasing the rate of formation of a specific molecule, constitutes 
a perfect, precise example of modulation affecting the “molecular 
ecology” of a cell. To the reviewer’s knowledge, the complex require- 
ment of vertebrate tissues has made it impossible, thus far, to demon- 
strate the occurrence of such a phenomenon, in tissue cultures, under 
the influence of a single, relatively simple compound. Nevertheless, 
it is reasonable to believe that more or less complex actions of the 
same type must play an important part in modulations both in the 
course of development and in adult physiology. 

But the most significant fact revealed by the study of enzymatic 
adaptation may be the existence of interactions in the synthesis of 
different specific enzymes. All the observations on cellular differen- 
tiations and modulations agree in showing that any increase in one 
specialized activity is always accompanied by a decrease, often 
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amounting to complete suppression, in several other specific activities. 
The basic phenomena responsible for these effects are the same, 
probably, as those expressed in enzyme suppressions and substrate 
interactions in enzymatic adaptation. This might explain how pro- 
found alterations in the properties of cells, involving both gains and 
losses of several specific activities, could be brought about by a 
few, or even a single specific agent. A single simple compound, for 
instance, acting primarily by increasing the rate of formation of a 
single enzyme or other specific molecule, could bring about the dis- 
appearance of several other enzymatic properties, and this could re- 
sult in profound changes in the appearance and activities of the cell, 
as, for instance, the startling transformations exhibited by certain 
cells of the reticular tissue. 

In general, if the conception of interactions in enzyme synthesis 
as representing the result of the competitive growth of independent 
autocatalytic enzymes or enzyme-forming systems is at all justified, 
it is evident that it may be very helpful in understanding almost any 
type of modulation. At any rate, it is clear that enzymatic adapta- 
tion in microorganisms constitutes a good model for the study of 
cellular modulations, and may help not only in understanding the 
phenomena occurring in tissues of higher organisms, but even in 
pointing towards experimental approaches. 


B) Irreversible Differentiation 


The most difficult problem by far, however, is that of understand- 
ing irreversible differentiation. The first difficulty arises from the fact 
that this must be defined as a change in potentialities, not as a change 
in the actual properties exhibited by a cell. It is clear from this defini- 
tion that adequate criteria for distinguishing between certain types 
of modulations and true differentiations may not be easily found. 
It can always be questioned, for instance, whether any differentia- 
tions observed in the tissues of developing embryos really are irre- 
versible, since it is quite conceivable that, under certain conditions, 
never realized in the embryo or organism, or even in transplantation 
experiments, they could dedifferentiate and return to the original 
“indifferent” state. 

In fact, true irreversible differentiation can only be demonstrated 
in tissue cultures. Although a great deal of dedifferentiation may 
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indeed occur in tissue cultures, it is now firmly established that differ- 
ent cell-lineages do retain at least some of their characters (or rather, 
potentialities) permanently, through any number of cell generations 
(review 42). For instance, cultures of cells from the epithelium of 
the iris permanently retain the capacity to form pigment, even after 
numerous transfers under conditions where no pigment is formed (27). 
Cells from other origins exhibit other properties, and are never ob- 
served, under any conditions, to produce this pigment. 

Thus, although true differentiation may not be as profound or fre- 
quent as might be anticipated from histological data, for example, 
there is little doubt concerning its fundamental irreversibility. In 
terms of molecular ecology, true differentiation must be taken to 
reflect a permanent change in the composition of the molecular popu- 
lation of the cell. This could result either from the appearance of 
new types of specific molecules, or perhaps from a permanent change 
in the relative amounts of certain molecular species. 

The question is, now, whether this type of irreversible change in 
the composition of the molecular population is always “spontaneous,” 
or whether it may be brought about under the specific “inducing” 
influence of a foreign agent. We may ask, in particular, whether the 
inducing influence of a substrate on the formation of an enzyme may 
not, in some cases, result in a permanent change in the properties of 
this or other enzymes. 

In none of the instances of enzymatic adaptation reviewed in the 
preceding sections, is there any evidence that such phenomena may 
be at work. On the contrary, in every case, we have seen that the 
inducing action of substrates results in extremely labile adaptations, 
the effects disappearing in a few hours of growth in the absence of 
substrate. To the reviewer’s knowledge, there is not a single authen- 
ticated case of true substrate induced specific enzyme formation re- 
sulting in a permanent modification of the cell’s potentialities. How- 
ever, the literature of bacteriology contains innumerable references 
to permanent physiological, morphological, antigenic or biochemical 
variations, obtained after repeated subcultures in special media, under 
adverse conditions, or in the presence of certain drugs (Sulphanila- 
mide, Penicillin, HgCl. etc.). The great majority of these observa- 
tions, unfortunately, are useless in the present discussion, as they do 
not establish whether the variations observed resulted from true adap- 
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tation, or from the selection of mutants. Such is the case, for in- 
stance, of the extensive investigations carried out during the past 
few years by Hinshelwood and his group (review 55) on the acquisi- 
tion of drug fastness by bacterial cultures. While recognizing that 
selection mechanisms are not excluded by the observations, Hinshel- 
wood prefers on theoretical, almost ethical grounds, to consider the 
phenomena as consisting essentially of “adaptations,” induced by the 
substrates. While this may be true of many of the experiments, their 
interpretation is not a matter of preference, and no conclusions can 
be drawn from them which could be taken into account in the present 
discussion. 

On the other hand, it would appear that whenever it has been pos- 
sible to apply adequate tests to discriminate between adaptive and 
selective mechanisms, permanent variations have been found to 
originate from mutants, probably or certainly, spontaneous (see inter 
alia. 4, 22, 23, 67, 71, 73, 75, 76, 79, 87, 88, 130, etc. .. . review 72). 
In other words, it seems fairly certain that there is no good evidence 
for permanent variations of any kind being produced in bacteria by a 
process not involving spontaneous mutation (except the Pneumococ- 
cus [5] and coli [14] [15] transformations, which do not belong in 
the present discussion ). 

After the above is noted, it should be emphasized that it might be 
very misleading to consider such lack of evidence as proof of the 
fundamental impossibility of inducing permanent “adaptive” varia- 
tions. In reality, experiments especially and adequately designed to 
test such possibilities under a variety of conditions must still be per- 
formed. 

For the present, however, it must be recognized that the evidence 
on enzymatic adaptation of microorganisms does not suggest that this 
phenomenon could play a direct, important role in irreversible differ- 
entiation, although it probably plays an essential role in modulations. 

One suggestion may be made, perhaps. Although it appears that 
most, if not all enzymes or other specific molecules (e.g., antigens, see 
review 56) are gene controlled, the embryological observations sug- 
gest that one of the primary causes of cellular differentiation must 
be the unequal distribution of cytoplasmic components. This has led 
Wright (132) to suggest that these cytoplasmic units could be pro- 
tein molecules, autonomous (i.e., self-reproducing) with respect to 
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basic structures, which could combine with active “building blocks” 
emanating from the nucleus and responsible for antigenic or enzy- 
matic specificity. The loss of one of these constituents by a cell could 
bring about profound changes which would affect the manifestation 
of several nuclear characters. It may be worth while considering the 
possibility that an external agent, by increasing the competitive value 
of one molecule, would reduce the amount of other competing units, 
thus favoring their unequal distribution between daughter cells. It 
may be mentioned here that some observations by Ephrussi et al. 
(personal communication) on an induced “mutation” of yeast, could 
be interpreted as involving a loss of such a cytoplasmic unit. 


C) Differentiation and Gene Mutation 


In the absence of any evidence indicating the possibility of adap- 
tive changes becoming permanent, the interpretation of differentiation 
as involving mutations or losses of cytoplasmic self-duplicating con- 
stituents will always be difficult to reconcile with the absence of cyto- 
plasmic heredity. For this reason, it must be considered whether ir- 
reversible differentiation may not involve nuclear mutations. The main 
reason for doubting this possibility is that the complete autonomy, 
the “randomness” and the rarity of gene mutations, do not seem to 
afford any explanation of the apparently orderly processes of on- 
togeny. A solution to this difficulty could be found, as often men- 
tioned (132) if a gene could be shown to undergo a certain mutation 
regularly, when under the influence of specific conditions. In connec- 
tion with this, Sturtevant’s (122) and Emerson’s (40) suggestion 
should be mentioned. In general terms, it could be expressed as fol- 
lows: since it is established that a specific molecule (e.g., an enzyme) 
may be stabilized by the corresponding substrate, it does not seem 
impossible that a mutation of a gene, or of some cytoplasmic self-re- 
producing unit, could be favored, or to some extent directed, in the 
presence of a compound which could combine with it. Some observa- 
tions on Neurospora mutations, where an effect of this kind may be 
suspected, have been reported (39, 41), but they require further 
confirmation. It is hoped that the study of bacterial mutation rates 
may bring some light on this important problem. 

However, the possibility that spontaneous, random gene mutations 
may play a greater role than is generally realized in differentiation, 
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cannot be entirely dismissed. As already noted, the main objection 
against it is the orderly pattern of ontogenesis. Now, the absolute 
value of this argument might possibly be questioned. In particular, it 
should be remembered that this orderly, almost automatic pattern of 
development is obvious mainly during the early stages, when the em- 
bryo still comprises a small number of cells; we may wonder whether 
these differentiations, even in “mosaic” eggs, really are irreversible 
since, as we have already noted, full proof of a permanent change of 
potentialities can be obtained only in tissue cultures maintained for 
a long time under a variety of conditions. It may be surmised, per- 
haps, that the “automatic” differentiations expressed, for instance, in 
mosaic development, might be considered as representing modula- 
tions induced by the unequal distribution, in the cytoplasm, of some 
relatively simple substance endowed with properties similar to those 
of an active enzyme-inducing or enzyme-suppressing substrate. True 
differentiation may occur only later in development, when the organ- 
ism already comprises thousands of cells. At this stage it is perhaps 
not inconceivable that a process involving the selection, under cer- 
tain local conditions, of certain types of spontaneously mutant cells, 
nay be efficient in “creating” certain differentiations. It is possible, 
in principle, at least, that certain types of mutations might—under 
certain specific conditions—confer a strong selective advantage upon 
the cell carrying it, while being almost lethal under any other condi- 
tions. In particular, this might be the case of mutations involving 
losses of functions. It can actually be shown, in some cases, that 
spontaneous bacterial mutations resulting in the loss of certain syn- 
thetic abilities, may prove advantageous in certain media, while com- 
pletely preventing growth in other media. For instance, a non-methi- 
onine requiring mutant of Aerobacter aerogenes was found to have a 
much lower (36°) growth rate in the presence of methionine than the 
methionine requiring form. In the absence of methionine, however, 
the latter did not grow at all (87). The importance of “losses of func- 
tions” in the evolution of Protozoa and bacteria has been abundantly 
proved by the work of Lwoff (review 74), and strongly suggests that 
such losses may actually be advantageous, under certain conditions. 
The precise nature of this advantage is not clear in any particular 
case, but it is reasonable to suppose that the non-performance of cer- 
tain biosynthetic reactions may lead to an economy of energy. Also, 








it is possible that the suppression of an enzyme may increase the 
amount of other enzymes, more essential under the circumstances. 

It does not seem impossible that certain mutations involving losses 
of functions may be selected under conditions, existing in certain 
tissues while they would not appear in other tissues, or in the germ 
cells, where they would not be favored by environmental conditions. 
The suggestion is made that certain tissue differentiations in higher 
organisms might thus originate from the selection of certain spon- 
taneous gene mutations. 

This suggestion may appear, at first sight, to imply overwhelming 
difficulties. But it is clear that interpretations of irreversible differ- 
entiation as involving cytoplasmic factors also imply grave difficul- 
ties. After all, as far as we know experimentally, gene mutations are 
about the only processes by virtue of which the properties of a cell 
may be permanently modified. The possibility that they may play a 
significant role in irreversible differentiation cannot be entirely ex- 
cluded without examining whether or not they may account, at least, 
for part of the facts. 
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DEVELOPMENTAL MECHANISMS IN PARAMECIUM 


T. M. SoNNEBORN?! 


Department of Zoology, Indiana University* 


Paramecium, like most Protozoa, differs strikingly from multi- 
cellular organisms in its processes of development. Its life cycle in- 
cludes nothing resembling an egg or embryonic stage; no new struc- 
tures appear and the fully differentiated condition is directly perpetu- 
ated by cell divisions. Such changes as occur with age ordinarily char- 
acterize equally all the cells of a clone. With respect to mode of origin 
from a single fertilized cell, the members of a clone of paramecia may 
be compared with the entire mass of cells composing a metazoan body, 
but the cells are separated from each other and are usually all alike. 
Development in Paramecium is thus normally intracellular and inde- 
pendent of the process of cell division. Little is known of the mechan- 
isms of intracellular development in this organism aside from the fact 
that certain parts, such as the gullet, cannot be regenerated and are 
normally perpetuated by dividing at the time of cell division (Tartar, 
1941). 

On the other hand, under certain conditions, the cells of a clone 
may become diverse and remain so in further reproduction. (Reviewed 
in Sonneborn, 1947b, pp. 315-331.) Although this is uncommon in 
Paramecium, the mechanisms involved may provide clues to some of 
the regularly operating metazoan mechanisms which lead to the lo- 
calization of diverse structures and functions in different cells of 
the soma. In view of the danger of attempting to extend results on 
one kind of organism to another, the intention here is merely to 
make suggestions as to possibilities in the hope that they may lead 
to experiments on higher organisms. 

The first problem is to localize the seat of these mechanisms, to 
discover in which of the two great domains of the cell they lie, the 
nucleus or the cytoplasm. It is commonly assumed that the nuclei 
are identical both in the different cells of a clone and in the different 
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cells of a multicellular organism. This would seem to imply that the 
differences which arise must be in the cytoplasm in spite of the sup- 
posed control of the characteristics of the cells by the nucleus. At- 
tempts have been made to resolve this well-known, fundamental para- 
dox; but the basic knowledge required for a satisfactory resolution is 
just beginning to accumulate. The present paper attempts to set forth 
examples of what has been learned in this connection from the study 
of Paramecium. As will appear, of the three examples discussed, each 
shows diverse mechanisms of localization, two being primarily cyto- 
plasmic and one primarily nuclear. 


I. CytTopLAsmic MECHANISMS CONTROLLING THE KILLER 
CHARACTER 


Cells of identical nuclear constitution may differ with respect to 
the killer character in dependence upon the presence or absence, or 
upon the concentration, of semi-autonomous, self-multiplying sub- 
stances in the cytoplasm of the cell. Here diverse characters become 
localized in different cells by means of mechanisms determining the 
cellular concentrations of these substances and their distribution at 
cell division. 

The killer character series consists of three grades or phenotypes. 
Some cells form an antibiotic, “paramecin”, and liberate it into the 
culture fluid; they are resistant to its action and so may be called “‘re- 
sistant killers” or, more briefly, “killers”. Other cells produce no 
paramecin, but are completely insensitive to it; they are called 
“resistant non-killers”. Still other cells produce no paramecin, but 
are killed when exposed to it; they are called “‘sensitives”. Different 
kinds of killers produce different kinds of paramecins that kill sensi- 
tives in visibly different ways. 

The production of paramecin is determined and inherited by two 
kinds of genetic factors, one in the cytoplasm and one in the nucleus. 
To consist of killers, a clone must contain the gene K and a cytoplas- 
mic factor, kappa. If the allelic gene k is substituted for K, kappa 
and the ability to produce paramecin disappear and the progeny all 
become sensitive. Jf the gene K is now restored to a sensitive ani- 
mal, it and its progeny fail to produce kappa or paramecin and remain 
sensitive! However, such a sensitive animal, to which K has been 
restored, may be induced to produce a killer clone by introducing 
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kappa into it; the kappa is maintained and multiplied and paramecin- 
production becomes a permanent hereditary character. Thus, the 
more direct determiner of paramecin production is the cytoplasmic 
factor kappa. Although kappa cannot be initiated by the genes, its 
maintenance and multiplication (when some is already present) de- 
pend upon gene K. (For a full account, see Sonneborn, 1943; 
1945a, b; 1947a, b.) Thus, cells of the same genic constitution (KK) 
differ in character (killer or sensitive) in dependence upon the pres- 
ence or absence of kappa. 

The character of a cell depends, however, also on the cellular con- 
centration of kappa (Sonneborn, 1945a, 1947a; Preer, 1946 and in 
press). Preer demonstrated that approximately 200 to 300 particles of 
kappa occur in the cytoplasm of a normal killer cell. When the cellu- 
lar concentration of kappa declines to lower levels, the character un- 
dergoes a progressive series of changes. A slight reduction in kappa 
concentration transforms the cell from a normal killer to a weak 
killer. Further reduction results in loss of the killer character, but the 
cell remains resistant to paramecin. With still further reduction in 
kappa concentration, the cells lose their resistance and become sensi- 
tive to paramecin. So long as there remains a single particle of kappa, 
it is possible to increase the concentration of kappa and thereby re- 
verse the series of character changes all the way back to the original 
normal killer condition. When the last particle of kappa disappears, 
however, the condition of sensitivity becomes irreversible. 

There are two implications here for problems of development. First, 
changes of characteristics occur without any change in the kinds of 
materials present, but only in the quantities present. Secondly, char- 
acteristics of the cell may depend upon extremely small amounts of 
material. As the volume of these paramecia is roughly 200,000 cubic 
microns, a normal killer cell contains, on the average, about one par- 
ticle of kappa per 1,000 cubic microns. If, as seems probable, the 
particles of kappa are single molecules distributed essentially at ran- 
dom throughout the cytoplasm, each molecule of kappa in its 1,000 
cubic micra of cytoplasm would be, for all practical purposes, isolated 
from every other kappa molecule. The activity of such isolated single 
molecules would be completely outside the scope of the chemical laws 
of mass action. Here at least is one substance important in cellular 
differentiation that seems to demand for its proper understanding a 
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new kind of biochemistry, a biochemistry of single molecule activity. 
In one respect, there can be no doubt of this, for Preer (1946) has 
shown that a single molecule or particle of kappa is decisive as to 
whether a cell can or cannot be induced to develop into a killer. An- 
other example of single particle action is provided by paramecin, for 
a single particle of this can kill a sensitive animal (Austin, 1946; 
Sonneborn, Dippell and Jacobson, 1947). Single particle biochemistry 
may well be decisive in developmental physiology. 

Three classes of factors control the cellular concentration of kappa 
and thereby the character of the cells. The first of these is environ- 
mental conditions. Preer (1946) has shown that the amount of food 
supplied to certain killers has a decisive effect on kappa concentra- 
tion by controlling the rate of cell division. When these killers are 
supplied with an excess of food, cell divisions occur at their maximum 
rate. The particles of kappa cannot double their number more than 
twice a day, but the cells multiply at a rate of about 3.4 fissions 
per day. Consequently, the kappa concentration per cell progressively 
declines. This is not true for all kinds of kappa. The types of kappa 
studied by Preer cannot multiply as fast as the cells; other kinds 
(Sonneborn, 1945a) multiply as fast as the cells. Hence, kappa con- 
centration can be controlled by food supply only in those races in 
which the cells can multiply more rapidly than kappa. 

A second environmental factor that influences kappa concentration 
is temperature (Sonneborn, 1947a; Preer, in press). Kappa is more 
sensitive to extremes of temperature than the cells are. Above 27° C. 
the rate of kappa duplication rises less rapidly than the rate of cell 
duplication. Hence the cells multiply faster than kappa and kappa 
concentration progressively declines, even in stocks that contain kappas 
capable at lower temperatures of multiplying as fast as the cells. At 
temperatures above 33.5°, kappa loses its power of reproduction, or 
it is destroyed at least as rapidly as it is formed, for one fission results 
in half or less than half the original concentration in each daughter 
cell. Above 34.2° C., the concentration of kappa declines even in the 
absence of cell divisions. 

When the concentration of kappa is reduced so that not more than 
several particles are present per cell, some of the progeny of these 
cells completely lack kappa. Preer (1946) has shown that this occurs 
in the frequencies expected from an essentially random distribution 
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of the particles present at the time of cell division. This is, of course, 
to be expected for non-nuclear materials in the absence of any mitotic- 
like mechanism for exactly equal distribution. The result is to pro- 
duce irreversibly differentiated cells; they cannot again become killers 
under conditions that permit kappa to multiply more rapidly than the 
cells, while any cell that has retained one or more particles of kappa 
can. Such irreversible differentiations occur whenever the particle 
number is low in dividing cells. It does not occur when kappa con- 
centration is high, even with the passage of many fissions, because the 
inequalities in kappa distribution are rapidly compensated. Preer 
(in press) finds the rate of kappa multiplication varies inversely with 
its cellular concentration; this normally results in stabilization of the 
concentration at the level characteristic for killers. 

In experiments performed with the assistance of Winifred Jacob- 
son, evidence has recently been obtained for the existence of another 
pair of genes and another cytoplasmic factor involved in the deter- 
mination of sensitivity to paramecin. A preliminary account is pre- 
sented here because the results suggest an additional mechanism of 
development, competition among cytoplasmic factors. The new pair 
of genes, S and s, have been demonstrated in the usual way by breed- 
ing analysis. The evidence thus far seems to indicate that they bear 
similar relations to a cytoplasmic factor, sigma, that K and k bear 
to kappa: sigma depends upon § for its maintenance and multiplica- 
tion; it disappears when S is replaced by s. The question of whether 
sigma can or cannot be initiated by gene S is still not satisfactorily re- 
solved. The analysis is difficult because the only effect of sigma yet 
detected is its ability to compete with and replace kappa under appro- 
priate conditions. It is therefore not actually a factor for sensitivity, 
but merely a factor that leads to loss of kappa when both are present 
in the same organisms. The phenomena are best observed in KKSS 
organisms, which can maintain sigma or kappa or both. A homozygous 
clone containing both sigma and kappa can yield pure sensitive lines 
and pure killer lines, which differ only cytoplasmically. These sensitives 
and killers extracted from a “mixed” clone have been used extensively 
in the genetic analysis; the former can transfer sigma to killers during 
conjugation, the latter cannot. If only a little sigma is transferred to 
a killer, it will segregate out during subsequent fissions; but if much 
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is transferred, all vegetative descendants carry it and all become 
sensitive under certain conditions. 

To summarize the situation up to this point, the character series 
killer-resistant-sensitive is determined by the cellular concentration of 
a cytoplasmic factor, kappa, which depends upon (1) external condi- 
tions (temperature, quantity of available food) that inhibit its in- 
crease or destroy it or that permit the cells to multiply more rapidly 
than it can; (2) a competing cytoplasmic factor, sigma, that can 
gradually outgrow it under certain conditions; (3) genes that deter- 
mine whether kappa and its competitor sigma can be maintained at 
all; and (4) accidental random variations in concentration of kappa 
and sigma resulting from their random distribution at cell division. 

The mechanisms by which killer and sensitive lines of descent arise 
within a clone of Paramecium are based upon the existence of self- 
multiplying cytoplasmic factors which are not gene-initiated. Is there 
any reason to believe that such conditions exist in the eggs of higher or- 
ganisms? Various types of semi-autonomous plastids occur in plants and 
animals and there is no evidence that genes can initiate their produc- 
tion. L’Héritier and coworkers (1944, 1945) have found in Drosophila 
a cytoplasmic “genoid” controlling sensitivity to CO,. A factor for 
pigmentation, which may not be gene-initiated, has been reported by 
Billingham and Medawar (1947a and b) in guinea pigs. Haddow 
(1944) and others have pointed out the similarities between cyto- 
plasmic factors and the milk agent of mammary cancer in mice. Per- 
haps further search will show that fruit flies, guinea pigs, mice and 
Paramecium are not exceptions, but simply the first organisms in 
which was recognized a widespread condition. 

Meanwhile, one may only speculate as to what the situation would 
be if developmental localizations depended in part upon a system of 
such cytoplasmic factors. To be effective, they would have to be 
initially present in the egg in very low concentration or their rate 
of multiplication would have to be less than the maximal rate of cell 
division. The diverse cytoplasmic factors might be expected to have 
diverse rates of multiplication, as diverse kappas do, and their initial 
concentrations in the egg could be characteristically diverse. With 
such starting conditions in the egg, what would happen as develop- 
ment proceeds? 

Any factors distributed unequally in the egg or present in ex- 
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tremely low concentration would soon be excluded from some cells 
and thus bring about irreversible differentiations. Differences in rate 
of cell division would result in further inequalities of cell concentra- 
tions. Moreover, the differences that arise in cellular concentration 
of a particular cytoplasmic factor would form a definite pattern by 
reason of the fact that the products of cell division commonly remain 
together. There would, in fact, be among the cells of a group gradi- 
ents of concentration which might underlie the phenomenon of 
“fields”. At the extreme of any field or gradient there would be cell 
masses totally lacking the factor. 

Other consequences follow from the different environmental condi- 
tions to which different parts of the egg and embryo are subjected. 
These too could bring about loss or changes in concentration of cyto- 
plasmic factors, as temperature, amount of food and other external 
conditions do with kappa and sigma; and they could tip the balance 
one way or the other in the competition between diverse factors. 
They could also lead to gradients and fields, the gradients in concen- 
tration being reflected in graded characteristics or in the appearance 
of a certain trait in that part of the gradient above a certain concen- 
tration, its absence in the remainder of the gradient field. 

The environment of any cell in the developing organism includes, 
of course, the other cells around it. Suppose now that some cyto- 
plasmic factors (or some substances whose production they deter- 
mine) are, unlike kappa, diffusible from one cell to another when pres- 
ent in sufficient concentration. Such a diffusible substance, present in 
some cells of the soma and not in others, as a result of the sort of 
segregation just discussed, might now act as an evocator or inductor 
when migrating cell masses containing this factor come into contact 
with cells that have lost them; and differences in concentration of 
evocator could conceivably be reflected in the pattern of structures 
evoked. The fate of such diffusible substances on entering a cell might 
be dependent upon the presence or absence of other non-diffusible 
factors, induction being possible only in the one case, not in the other. 

While the foregoing account is explicitly based on the assumed ex- 
istence in the egg of cytoplasmic factors that are not gene initiated, 
much of what has been said would also hold if the factors were gene 
initiated and had diverse low rates of duplication in the cytoplasm. 
Recent work, carried out with the assistance of Arlene LeSuer, on 
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antigenic characters of Paramecium suggests another condition, not 
previously suspected, under which the implications for development 
would be much the same even if the cytoplasmic factors were gene 
initiated. To this work we now turn. 


II. CytTorpLasmMic MECHANISMS CONTROLLING ANTIGENIC 
CHARACTERS 


It has long been known that specific antisera against strains of 
paramecia immobilize or paralyze animals of the homologous strain. 
Bernheimer and Harrison (1940, 1941) found that any one antiserum 
immobilizes animals of some strains, not of others; that the titer of 
the same antiserum is different for different strains; and that one 
antiserum may immobilize some animals, but not others, of the same 
strain. Harrison and Fowler (1945) reported the spontaneous origin 
of several hereditarily diverse antigenic types in a single strain. Work- 
ing on another Ciliate, Tetrahymena, Kidder et al. (1945) found that 
the antisera against any one of six strains of one species immobilized 
all six strains at about the same titer; but adsorption by heterologous 
strains was less efficient in removing antibodies than adsorption by 
the homologous strain. 

The origin of hereditarily diverse antigenic types within a clone, in- 
dicated by some of the preceding results, raises the question of the 
basis of the changes dnd the mechanisms by which they arise. There 
are several well-recognized a priori possibilities: (1) the differences 
may be due to spontaneous gene mutations; (2) they may be changes 
in the position of preexisting antigens, brought about in unknown 
ways; (3) they may be changes in the amount of antigen. Little evi- 
dence is available on which to base a choice among these alternatives. 
Some of the data of Kidder and of Harrison and Fowler superficially 
suggest quantitative diversities, but shifts of position are not excluded. 
Kimball (1947) reports changes induced by low temperature, trypsin 
and antiserum, which he interprets as quantitative only. 

We have examined these problems using as material the killer stock 
51 and certain stable antigenic variants that have arisen within it. 
Two of these variants arose spontaneously in the course of long ob- 
servation and 14 arose in a single experiment following exposure of 
the original strain to doses of from 5,000 to 40,000 r units of X-rays. 
(Many other unstable variants that reverted in part or wholly to the 
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original type were obtained in the X-ray experiment.) The 14 stable 
X-ray variants arose as altered individuals in clones developed from 
single irradiated individuals; in almost every one of these 14 clones, 
less than 10% of the individuals were found to be altered when tested 
about 15 fissions after irradiation. 

Antisera already available against the original stock and others, 
some of which were prepared against the new variants, made it pos- 
sible to identify four diverse antigenic types. A few variants have 
not yet been identified; these may contain one or more additional 
types. In general, inactivated antiserum against any one type im- 
mobilizes that type in high titer (that is, in antiserum dilutions of 
from 1/800 to 1/3200 and also immobilizes one or more of the other 
three types in low titer (1/12.5 to 1/200). Each antigenic type is 
immobilized in high titer by only one of the four kinds of differenti- 
ating antisera, although it may be immobilized in low titer by one or 
more of the other antisera. 

When an antiserum is adsorbed separately by each of the antigenic 
types which it can immobilize, the immobilizing activity of the anti- 
serum on the adsorbing strain and on others of the same type may 
be removed without destroying and without greatly reducing the im- 
mobilizing activity of the antiserum on other antigenic types. Hence, 
each antiserum contains two or more kinds of antibodies with immo- 
bilizing activity on a corresponding number of antigenic types and 
the homologous strain, which induced the formation of the diverse 
antibodies, is itself immobilized by only one of the diverse kinds 
present in the antiserum. 

The data indicate that each of the four antigenic types contains a 
primary antigen (or complex) which may be designated 1, 2, 3, and 4 
for the four types respectively; and in addition, one or more of these 
same antigens present in such a fashion as to merit designation as “‘sec- 
ondaries’”’. Each antigenic type may be designated by its primary an- 
tigen, for this is the only one that is involved in the immobilization 
reaction. The primary is, moreover, the one which corresponds to the 
antibody present in highest titer in homologous antiserum. The sec- 
ondary antigens are distinguished from the primaries in two ways: 
(1) the antibodies against them are always present in much lower 
titer in homologous antiserum; (2) secondary antigens do not partici- 
pate in the immobilization reaction. The secondaries in any strain are 
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apparently the same as the primaries in other strains because the anti- 
bodies formed against a secondary, while incapable of immobilizing 
the homologous strain, can immobilize animals of other strains. More- 
over, antibodies against a primary antigen can be adsorbed by the 
corresponding secondary antigen in another strain; but to do this 
requires enormously more animals than are required to adsorb pri- 
mary antibodies by the corresponding primary antigen. 

These remarkable relations require explanation. Why do not the 
secondary antigens participate in the immobilization reaction? Two 
possible explanations are evident. The secondary antigens may be 
prevented from participating in immobilization either by their posi- 
tion or by their low concentration. The position hypothesis is the 
more difficult to test and this has not yet been attempted. The quan- 
titative hypothesis, on the other hand, is indicated at once by certain 
facts: the lower titers of secondary antibodies, and the necessity for 
greater numbers of animals when adsorbing with secondary antigens. 
As a working hypothesis, therefore, it may be suggested that each 
antigenic type consists of a primary (immobilizing) antigen in high 
concentration and one or more secondary (non-immobilizing) antigens 
in low concentration. As each of the four antigenic types is main- 
tained constantly (except for very rare spontaneous variations) 
through indefinite vegetative reproduction and repeated self-fertili- 
zations, it follows that these proportions of primary to secondary 
antigens must be maintained with relative constancy. Finally, as a 
change from one antigenic type to another is characterized by the 
replacement of its original primary by another, the change must be 
from one stable proportion to another. This hypothesis concerning 
the basis of antigenic constitution and the nature of changes from one 
antigenic type to another may be tested by deliberate efforts to change 
experimentally the proportions of the antigens present in a given type. 
Two methods of accomplishing this have been tried: one involves the 
addition of material from another type (during mating); the other in- 
volves attempts to remove or inactivate antigen by exposure to anti- 
serum. 

If a strain with primary antigen 1 is crossed to a strain with pri- 
mary antigen 2, the antigen 1 conjugant of each pair produces a cul- 
ture with antigen 1 and the antigen 2 conjugant produces a culture 
with antigen 2. Further, each of these cultures usually continues to 
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breed true in later self-fertilizations (autogamies). Hence, these two 
antigens are determined, not by genic, but by cytoplasmic differences. 
This is also demonstrated by the different results obtained when cyto- 
plasm is exchanged between the mates. If only a little cytoplasm is 
exchanged, the type 1 conjugant of each pair retains its antigenic type 
while the type 2 conjugant produces a clone in which most of the in- 
dividuals are type 2, the remainder type 1. If much cytoplasm is ex- 
changed, the type 1 conjugant again produces a type 1 clone, but the 
type 2 conjugant produces a clone in which all or practically all of 
the individuals are type 1, few or none remaining type 2. When a 
different strain of type 2 is crossed to type 1, all the relations are 
reversed. 

Strikingly different results are obtained when a strain with primary 
antigen 3 is crossed to a strain with primary antigen 1 or to a strain 
with primary antigen 2. One member of each pair of conjugants— 
the one with antigen 1 or 2—practically always produces a culture 
pure for its own antigenic type. The antigen 3 member of the pair, 
on the contrary, practically always produces a culture in which all 
or most of the individuals change type, regardless of the occurrence 
or amount of cytoplasmic exchange during mating. It would seem that 
animals with antigen 3 regularly change type as a consequence of 
mere mating contact with another antigenic type. The change of type 
is usually to antigen 1, even when the mate is antigen 2; the next 
most common change is to antigen 2; but any antigenic type may 
appear in the culture. Often two or more diverse antigenic strains 
may be isolated from the progeny of a single conjugant, thus show- 
ing on a grand scale the origin of hereditary differences within a 
clone. The failure of the two mates to yield similar cultures and the 
common origin of two or more diverse antigenic types from a single 
antigen 3 conjugant, both show that the determination is not genic. 

The breeding results thus show that the proportions among the an- 
tigens in any type, which remain so stable ordinarily, can be dis- 
turbed by the process of mating. Transfer of cytoplasm between 
type 1 and type 2 can change one or the other into a different stable 
type; mere mating contact of type 3 with either type 1 or type 2 
can accomplish the same result. There is, moreover, a correlation 
between the stability of a type at mating and the frequency with 
which it occurs among the altered lines: types 1 and 2 are both the 
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most stable at conjugation and the commonest new types among those 
that have changed; type 3 is highly unstable at conjugation and occurs 
relatively rarely as a new type among those that have changed. It is 
remarkable that when type 1 was X-rayed, the commonest variant 
was type 2, type 3 was next most common and type 4 was extremely 
rare, arising only once. 

Results entirely consistent with these were obtained with antiserum. 
Animals (about 2000) with primary antigen 4 were exposed to .2 cc 
homologous antiserum (1/800). All individuals were paralyzed in 
two hours, but recovered spontaneously within 24 hours, while still 
in the antiserum. Of 65 animals isolated and grown into cultures, all 
(with one exception) produced cultures in which another primary an- 
tigen had been substituted for the original antigen No. 4. Twenty ac- 
quired primary antigen 1, twenty acquired 2, and 24 yielded more 
than one type among their vegetative descendants, including in a few 
cases some animals of types 3 and 4. Many of the altered cultures 
were maintained without change through self-fertilization; none re- 
verted to type 4. On the other hand, treatment of the more stable 
primary antigenic type 1 in the same way with anti-1 serum yielded 
altered types in only 10 of 116 cultures; nine of these became type 2 
and one produced a mixed clone containing some animals of type 2. 

The results thus show that changes of hereditary antigenic type 
may be readily brought about. When the existing stable proportions 
of primary to secondary antigens are disturbed by addition of antigen 
(or its cytoplasmic determiner) or by combination of antigen with 
antibody, there is set in motion what appears to be a competitive 
process leading to the establishment of new stable proportions. In 
this competition, antigens 1 and 2 (or their cytoplasmic determiners ) 
have a strong advantage over antigens 3 and 4. The existence of a 
temporary unstable state is strongly indicated further by the fact, 
to which attention has been called repeatedly, that more than one 
change of type often takes place among the vegetative descendants 
of a single altered animal, yielding what might be called “bursts of 
variation’. 

The studies on antigenic characters thus both confirm the decisive role 
of cytoplasmic factors in the localization of different characters in differ- 
ent cells of a clone and suggest additional mechanisms by which such lo- 
calization may arise. If, as the data indicate, two or more alternative 





— 





——EE 


T. M. SONNEBORN 303 


self-multiplying conditions are dependent upon diverse proportions of 
the same substances, with shifts from one condition to the other brought 
about by anything that disturbs the more or less stable existing pro- 
portions, then the circumstances that bring about differences in cellu- 
lar concentration of cytoplasmic factors (as set forth in part I) might 
result also in persistent changes of character. Moreover, the fact that 
each of the four stable proportions is normally self-perpetuating, in 
spite of the continued production of both or all the cytoplasmic fac- 
tors involved, means that this mechanism could operate just as effec- 
tively for cytoplasmic factors or plasmagenes that are gene-initiated 
as for those which are not gene-initiated. For this reason, the mech- 
anisms indicated by the study of antigenic characters seem of greater 
potential developmental significance than the mechanisms discovered 
in the analysis of the killer character. Finally, it will be apparent 
that this study supplies evidence in support of a number of ideas set 
forth by Weiss (1947) in his general discussion of developmental 
problems. Concepts emerging from the study of these antigenic char- 
acters may thus offer more promising insight into developmental lo- 
calizations in higher organisms. 


III. DIFFERENTIATION OF NUCLEI WITHIN A CLONE 


Under controllable conditions paramecia unite in twos and fertilize 
each other, but this conjugation can take place only between indi- 
viduals of different mating type. Each mating type is an hereditary 
trait characterized by the presence on the surface of the animal of a 
distinctive chemical substance. When the diverse substances on ani- 
mals of complementary mating types come into contact, the animals 
are held together by them. The role of this and subsequent steps of 
the mating reaction in the induction of meiosis is under investigation 
by Dr. C. B. Metz (1946) who has discovered some illuminating 
parallels to the well-known fertilizin phenomena. This aspect of the 
developmental implications of the Paramecium work is however be- 
yond the scope of the present paper. I propose to discuss only the 
mechanisms by which the mating types are determined, for these 
mechanisms have developmental implications. 

The stocks that illustrate this are a different kind of P. aurelia 
from those we have thus far discussed; they contain the two comple- 
mentary mating types I and II. These mating types are determined 
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directly by the nuclei, indirectly by environmental conditions prevail- 
ing at a brief sensitive stage of the life history. The full proof of 
this has been given elsewhere (reviewed in Sonneborn, 1947b, pp. 305- 
308) and will not be restated here; but the situation requires some 
elaboration in order to make clear its developmental implications. 

Paramecium, like other Ciliates, contains two kinds of nuclei: 
micronucleus and macronucleus. The macronucleus controls vegeta- 
tive functions, but it is impermanent: it regularly disintegrates and 
disappears at fertilization. At that time, the micronucleus produces 
gamete nuclei that unite to form a fertilization nucleus, some products 
of which develop into new macronuclei, others into micronuclei. In 
general, therefore, the micronuclei have functions identical with the 
“germ plasm” of higher organisms: production of gametes that par- 
ticipate in fertilization, and, after fertilization, production of germinal 
and somatic lines of descent. Each fertilized paramecium forms two 
new macronuclei from two of the four undifferentiated products of 
the second division of the fertilization nucleus. All this happens be- 
fore the first cell division, at which time the two new macronuclei 
pass to different daughter cells. The vegetative progeny of these two 
cells thus contain the descendants of the two original new macro- 
nuclei; for this reason, each is called a “‘caryonide”’. 

Each caryonide is as a rule pure for mating type: all its individu- 
als are mating type I or all are type II. Sometimes the two cary- 
onides from one fertilized individual are of the same mating type; 
sometimes one is type I, the other type II. This and other evidence 
shows that the mating type is determined by the macronucleus, and 
that the two macronuclei produced from a single fertilization nucleus 
often, but not always, determine different mating types. 

Genetic and cytological evidences agree in showing that the macro- 
nuclei are neither haploid nor monosomic for a chromosome control- 
ling mating type. How then do they differ and what controls their 
differentiation? That the cytoplasm has nothing to do with this is 
clear from the fact that under the same conditions the previous 
mating type of the individual undergoing fertilization has nothing to 
do with the frequency with which it produces caryonides of a particu- 
lar mating type. 

On the other hand, the conditions under which fertilization occurs 
determines the proportions in which caryonides of the two mating 
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types arise. The higher the temperature at the time of fertilization, 
the higher the frequency with which daughter caryonides of type II 
are produced. The effectiveness of temperature is remarkable in being 
limited to the short period during which the new macronuclei arise 
and differentiate. At any other time in the life history, temperature 
is completely without effect on the mating type. The environmental 
conditions are thus capable of controlling the character of the newly 
arising macro- or somatic nuclei, a control which is perpetuated there- 
after independently of subsequent temperature or other conditions. 

There are here three important developmental implications. First, 
the fertilization nucleus produces two diverse nuclear lines of descent: 
micronuclei with germinal, but little or no physiological, activity 
(see genetic proof of this in Sonneborn, 1946); and macronuclei which 
are irreversibly differentiated as physiological or somatic nuclei with- 
out germinal functions. This shows in an unambiguous way what is 
familiar to protozoologists but appreciated by relatively few other bi- 
ologists, namely, that nuclei themselves may become differentiated 
during development, in the absence of reduction divisions and with- 
out genic segregations. Second, the physiological or somatic nuclei pro- 
duced from one and the same “germ line” nucleus may differ in their 
determinative capacities, for the two macronuclei from the same “germ 
line” may control different mating types. Third, these differences in 
“somatic” nuclei may be irreversibly determined by the action of en- 
vironmental conditions at a critical sensitive period. Possibly other 
means of determining the “somatic” nuclei exist. 

In general, the differentiation of nuclei in the course of develop- 
ment provides a possible way out of the great paradox of development. 
Although this notion has properly been in disrepute since the time of 
Weismann, it is difficult to see how otherwise to interpret the ob- 
servations in Paramecium on visible nuclear differentiation and on 
control of the mating types I and II. Nuclear differentiation during 
development seems to be a prime fact in Paramecium; whether it also 
occurs in higher organisms remains to be discovered. 

The foregoing summary of the mode of determination and inheri- 
tance of three characters of Paramecium aurelia shows first of all 
that different mechanisms are involved in the origin of intraclonal di- 
versities in different cases. One may certainly expect many more to 
be discovered in this and other organisms. Together they may supply 
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not the key, but the keys, to problems of development in higher or- 
ganisms. Among these keys may be included: the segregation of non- 
gene-initiated cytoplasmic factors into different cells either cleanly 
or in different proportions, as shown for kappa and sigma; the change 
of stable reproducible proportions of alternative factors, only one of 
which can be maintained in high proportion and give decisive 
character to a cell-lineage, regardless of whether the factors be gene 
initiated, as shown in the study of antigenic characters; and the 
differentiation of nuclei in the course of development into germinal 
and somatic nuclei and into somatic nuclei controlling different pheno- 
types, as shown in the study of mating types I and II. 
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I. THE METABOLISM OF NUCLEUS VERSUS CYTOPLASM IN 
THE OGCYTE AND THE UNFERTILIZED EGG 


It has been often supposed, until ten years ago, that the nucleus is 
the center of the oxidations in the cell and that the large germinal 
vesicle of the oocyte constitutes a reserve of enzymes: such a view 
has been especially developed by J. Loeb and very clearly presented 
by E. B. Wilson in his classical book on the cell in development and 
heredity. 

The recent development of very ingenious, accurate and sensi- 
tive quantitative micromethods, mostiy by Linderstrom-Lang and 
Holter, has finally enabled us to study the respiration and the enzyme 
content of the nucleus and the cytoplasm in the case of large cells, 
like odcytes and unfertilized eggs. 

Shapiro, in 1935, studied the oxygen consumption of unfer- 
tilized Arbacia eggs cut into two halves by ultra-centrifugation, 
an elegant method of separating a nucleated half-egg from a non- 
nucleated one, devised by E. B. Harvey. He found that the oxygen 
consumption of the nucleated half is markedly inferior to the respira- 
tion of the non-nucleated one, although the latter is filled with sup- 
posedly inert yolk and pigment granules. Later on, Ballentine also 
observed that the non-nucleated half has a lower dehydrogenase con- 
tent than the part containing the nucleus. 

This work clearly indicates that the nucleus cannot be the main 
center of the cell’s oxidations; this negative conclusion is corroborated 
by the measurements of the oxygen consumption and the CO, pro- 
duction of the isolated germinal vesicle from frog odcytes (Brachet, 
1938). The respiration of these isolated nuclei is less than 2% of the 
metabolism of the cell; furthermore, enucleation of the odcytes in- 
duces only a negligible drop in the rate of oxidation. 
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Recent work also rules out the possibility that the nucleus—especial- 
ly the germinal vesicle—might constitute a reserve of hydrolytic en- 
zymes. Linderstrom-Lang and Holter, for instance, compared the 
dipeptidase content of both nucleated and non-nucleated halves of 
the eggs of various invertebrates and of Amoebae and found an even 
distribution. The same holds true for catalase, while amylase is 
mostly found in the mitochondria in the case of the Amoeba. Simi- 
larly, I found no accumulation of dipeptidase, alkaline phosphatase, 
ribonuclease and arginase in the isolated germinal vesicle of frog 
cécytes as compared to the cytoplasm (1944). The nucleus thus con- 
tains a small fraction only of the hydrolytic enzymes contained in 
the odcyte. ' 

The same general conclusion seems also to apply to the cells of 
adult tissues, as shown by Dounce, isolated nuclei from rat liver 
are very poor in such important catalysts as succinic dehydrogenase, 
cytochrome C, cozymase, catalase and they contain less arginase, 
acid phosphatase and esterase than the cytoplasm; alkaline phos- 
phatase is the only enzyme found by Dounce in larger concentration 
in the isolated nuclei than in the cytoplasm. The possible significance 
of this finding will be discussed later. 


2. THE NUCLEUS AS A POSSIBLE CENTER OF PROTEIN 
SYNTHESIS 


Recent cytochemical work by Caspersson and myself has suggest- 
ed the existence of a link between the accumulation of nucleic acids— 
mainly ribonucleic acid in the cytoplasm—in some cells and protein 
synthesis. Caspersson has suggested a very interesting theory in order 
to explain the mechanism of the synthesis of proteins inside the cell. 
The main center of protein synthesis, according to Caspersson, is the 
nucleus and more specifically the chromatin. Euchromatin would deal 
with the synthesis of the more complex and specific proteins elab- 
orated by the genes, while the heterochromatin would be concerned 
with the synthesis of the simpler histones. These histones would ac- 
mulate in the nucleolus and then diffuse into the cytoplasm, where 
they would induce a synthesis of ribonucleoproteins around the nu- 
clear membrane. Finally, these cytoplasmic ribonucleoproteins would 
be the agents of the cytoplasmic protein synthesis. 

This theory provides one with a satisfactory explanation of the 
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cytologically and cytochemically observed facts, but a fundamental 
difficulty in its acceptance lies in the fact that there is no biochemical 
link that we know of between nucleic acids and protein synthesis. 
However, it has been pointed out by Brachet and Jeener that the 
cytoplasmic ribonucleic acid is always part of small, ultracentrifu- 
gable particles. These ultramicroscopic granules, which have also been 
extensively studied by Claude, contain a number of very important 
respiratory and hydrolytic enzymes. It might thus very well be that 
the whole particles, and not only the easily detectable ribonucleic acid, 
are the agents of protein synthesis inside the cytoplasm. 

Since unfortunately very little is known now of the biochemical 
mechanisms of protein synthesis, it is difficult to decide whether the 
nucleus really is the center of the protein synthesis in the cell and, 
if so, to find out how it might be acting. There are, however, a few 
facts known on the chemical constitution of the nucleus which are 
worth discussing in this respect. For instance, it has often been as- 
sumed that dipeptidase might be a key enzyme in protein synthesis, 
since this enzyme, which hydrolyses dipeptides into amino acids, 
might be able also to synthesize peptides from aminoacids. It has 
been shown by Duspiva that the dipeptidase content of a frog’s 
oocytes markedly increases when the synthesis of yolk, thus of pro- 
teins, becomes considerable. This increase .in dipeptidase content 
occurs, however, only in the cytoplasm, while the enzyme remains 
constant in the nucleus throughout the whole period of odgenesis. If 
the germinal vesicle of these odcytes really is a center of protein 
synthesis, it is active through a mechanism which has nothing to do 
with the dipeptidase, even though this enzyme seems somehow to be 
concerned with the elaboration of the yolk proteins in the cytoplasm. 

More recent work seems, however, to provide us with new and more 
fruitful lines of approach. There is now growing evidence that pro- 
tein synthesis, or at any rate peptide-linkage synthesis, is linked with 
phosphorylation reactions. P. P. Cohen and McGilvery, for instance, 
have recently studied the synthesis of p-aminohippuric acid from 
p-aminobenzoic acid and glycine. This is essentially a peptide-bond 
synthesis and the authors conclude from their extensive studies that 
the reaction is linked with oxidative and phosphorylative reactions, 
in that the energy provided by the oxidations is probably used for 
the synthesis of some intermediary phosphorylated compound, a 
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p-aminobenzoylphosphoric acid for instance. Such an interpretation 
is corroborated by independent recent work of Chantrenne, who 
studied an almost identical reaction, the synthesis of hippuric acid 
from benzoic acid and glycine. Chantrenne prepared by synthesis a 
phosphorylated derivative of benzoic acid and found that this com- 
pound reacts spontaneously, in the absence of any enzyme, with 
glycine to form hippuric acid. If a similar energy-rich phosphory- 
lated derivative of aminoacids could be prepared, it is very likely 
that it would react with ordinary aminoacids under physiological con- 
ditions to form peptides. Moreover, it is of course quite conceivable 
that such intermediary compounds might be formed in normal con- 
ditions by phosphorylations coupled to oxidative reactions. One is of 
course tempted to speculate on the possibility that nucleic acids might 
act as specific phosphate donators in reactions of this type. Such a 
hypothesis has been made by Spiegelman, and recent work by Spiegel- 
man and Kamen seems to support it. 

In view of these new facts, the presence of alkaline phosphatase in 
the nuclei might well assume a new and more important significance. 
Let us now consider in more detail what we know about the localiza- 
tion and the physiological role of this enzyme. It is a very striking 
fact that alkaline phosphatase is very often found almost exclusively 
in the chromatin and the nucleolus; the reaction is usually very weak 
in the nuclear sap, as can easily be seen in the nuclei of cells which 
have been ultracentrifuged in order to separate by differential sedi- 
mentation the chromatin and nucleolus from the nuclear sap. Work 
by Gomori, Moog, Willmer, Krugelis and many others has shown 
that the intensity of the reaction varies in the nuclei of different 
tissues and various attempts have been made in order to correlate 
the phosphatase content of the nuclei and some kind of physiological 
or biochemical activity. Willmer, for instance, believes that the phos- 
phatase reaction is much stronger in the chromosomes of dividing 
cells than in the chromatin of resting nuclei; the enzyme would thus 
presumably be concerned with desoxyribonucleic acid synthesis during 
chromosomal reduplication. Since, however, there is no such increase 
of the alkaline phosphatase reaction in the chromosomes of cleaving 
eggs from various species, where there is a considerable synthesis of 
desoxyribonucleic acid at that time, it is very doubtful that Willmer’s 
interpretation has a general significance (Brachet, 1946). 
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A more definite lead is suggested by the work of Brachet and Jeener, 
who found a distinct and constant correlation between the phospha- 
tase content of the nuclei and the turnover rate of the desoxyribonu- 
cleic acid phosphorus, as measured by Hevesy and Ottesen. The 
phosphatase content of the nuclei is the highest in the intestinal mu- 
cosa, where the turnover is by far the fastest; less activity is found 
in the testis and the spleen, while both phosphatase reaction in the 
nuclei and turnover rate of desoxyribonucleic acid phosphorus are very 
lew in brain, kidney, liver, muscle and avian red blood cells. Further- 
more, in the regenerating liver, where the turnover rate of desoxy- 
ribonucleic acid phosphorus is known to be markedly increased, the 
intensity of the phosphatase test in the nuclei becomes also much 
stronger. These results are in perfect agreement with the work of 
Biesele who observed an enhanced alkaline phosphatase reaction in 
the nuclei of skin treated with carcinogenetic agents, and it is a 
now well established fact that the desoxyribonucleic acid phosphorus 
turnover increases in cancer. 

It is thus very likely that one of the functions of the nuclear alka- 
line phosphatase is to insure the renewal of the phosphorus in the 
desoxyribonucleic acid molecules but, unfortunately, nothing is known 
yet of the biochemical and physiological significance of this reaction. 
However, a few very interesting facts have come out recently which 
indicate a relationship between nuclear alkaline phosphatase and 
the synthesis of a certain type of proteins. Bradfield concluded re- 
cently, from a study of alkaline phosphatase in insects, that the abili- 
ty to synthesize fibrous proteins is always associated with the pres- 
ence of large amounts of alkaline phosphatase. Still more impressive 
perhaps is the recent work of Jeener, who studied the distribution 
of this enzyme in female rats after castration and injection of oestra- 
diol. Injection of the hormone produces, of course, a tremendous 
growth of the genital tract, and the intensity of the alkaline phos- 
phatase reaction increases in an extremely striking way only in those 
cells which synthesize fibrous proteins (myosin and keratin). The 
above-mentioned work of Biesele, where nuclear phosphatase in- 
creases in the epidermis treated with carcinogenetic agents, is obvi- 
ously in perfect agreement with Jeener’s conclusion that alkaline 
phosphatase content of the nuclei and synthesis of fibrous proteins 
molecules are somehow linked. 
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There might thus be some correlation between a number of pre- 
viously unrelated factors, like protein synthesis, high nucleic acid con- 
tent and nuclear alkaline phosphorus turnover. It is probably no mere 
coincidence that Friedberg found, from experiments of injection of 
labelled aminoacids, that the intestinal mucosa is the organ where 
protein synthesis is the most rapid, and, as indicated before, it is also 
the organ which has the highest nuclear phosphatase content and the 
fastest turnover of the desoxyribonucleic acid phosphorus. In addi- 
tion, it is also very rich in nucleic acids of both types. 

Let us see now whether our present knowledge of phosphatase and 
nucleic acid distribution in the egg and the embryo fits well with this 
general picture. Both F. Moog and Brachet, who studied the dis- 
tribution of alkaline phosphatase in chicken and amphibian em- 
bryos, respectively, agree in their general conclusions, viz., that phos- 
phatase reaction is weak during the early stages of embryonic devel- 
opment (segmentation and gastrulation) , becoming really intense, both 
in the nucleus and the cytoplasm, when differentiation begins. This is 
of course the time when synthesis of new proteins at the expense of 
the yolk becomes considerable, while a very active synthesis of both 
types of nucleic acids has already taken place. 

More recent work by E. Krugelis in my laboratory has led to more 
definite conclusions. Using longer incubation times, in order to detect 
smaller amounts of alkaline phosphatase, Dr. Krugelis found that 
this enzyme is present in the nuclear sap, as well as the nucleoli and 
the chromosomes of the young odcytes, in which active synthesis of 
yolk proteins occurs. Later on, in the full grown odcytes, the reaction 
becomes much weaker in the nuclear sap. With the cytochemical 
method used, no phosphatase could be detected in the cytoplasm, even 
in the case of the small, ribonucleic acid-rich odcytes. Such obser- 
vations perhaps lend some support to Caspersson’s view that the nu- 
cleus is the center of protein synthesis in the cell. 

According to Krugelis, there is already an alkaline phosphatase 
synthesis during gastrulation. In the cytoplasm, the distribution of the 
enzyme follows exactly the gradient pattern which I found for ribo- 
nucleic acid. There actually is some evidence indicating that in these 
eggs, just as in various adult tissues, the alkaline phosphatase is bound 
to the same granules as ribonucleic acid. Of special interest is the be- 
havior of the nuclei in the gastrula. While in the blastula all 
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nuclei contain a small and even amount of the enzyme, a marked syn- 
thesis occurs during gastrulation. This synthesis is stronger in the 
ectoderm than in the mesoderm and is very weak in the entoderm, 
so that already in the gastrula stage the nuclei in the three germ- 
layers react with quite different intensities. These nuclear and cyto- 
plasmic differences become still more obvious during neurulation, 
where the axial organs undergoing morphogenesis contain much more 
of the enzyme than the rest of the embryo. 

The work done so far on embryonic development thus remains in 
good agreement with the views expressed above and, here again, we 
find a correlation between alkaline phosphatase content, nucleic acid 
content and rate of protein synthesis. Unfortunately nothing is known 
as yet about the eventual desoxyribonucleic acid phosphorus turnover 
in these embryos. 


3. INTERRELATIONS BETWEEN CYTOPLASMIC (RIBO-) AND 
NucLEAR (DEoxyriBo-) NUCLEIC ACIDs. 


Since a detailed account of this subject has been given at the last 
Cold Spring Harbor Symposium, a brief summary only of the main 
results needs to be presented here. 

The nucleic acid metabolism during embryonic development may 
be summarized in general outline as follows: The young, fast-growing 
oocytes are very rich in cytoplasmic ribonucleic acid, like all cells 
where a rapid protein synthesis is going on. Ribonucleic acid is also 
found in the nucleoli, while very small amounts of desoxyribonucleic 
acid only are to be found in the chromosomes. The large, full-grown 
oocytes have a much less basophilic cytoplasm, due to the large 
amount of yolk. 

After fertilization, the intensive multiplication of the nuclei, which 
takes place during segmentation, leads to a considerable synthesis of 
desoxyribonucleic acid. All the chemical and cytochemical evidence 
available now indicates that this desoxyribonucleic acid is synthesized 
at the expense of the cytoplasmic ribonucleic acid, by some sort of 
conversion reaction. In later stages, when the embryo begins to grow 
and to differentiate, both nucleic acids undergo a total synthesis at the 
expense of unknown precursors. It is important to note that this 
synthesis occurs only in those parts of the embryo which are active 
in morphogenesis. If, for instance, one makes analyses of both types 
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of nucleic acids in the dorsal and in the ventral parts of the embryo 
at the gastrula and neurula stages, a measurable synthesis is found 
only in the dorsal half which has differentiated into chorda and ner- 
vous system. 

Cytochemical studies of ribonucleic acid distribution in amphibian 
embryos show that this acid is localized along gradients, which closely 
correspond to Dalcq’s morphogenetic potentials. This means that the 
regions which have the highest morphogenetic activity are also the 
richest in ribonucleic acid. Moreover, these regions have also a higher 
respiratory rate and a larger alkaline phosphatase content. Such a 
correlation is by no means surprising, since we know that ribonucleic 
acid, alkaline phosphatase and certain enzymes occupying a key po- 
sition in cellular metabolism (cytochrome oxidase, succinic dehydro- 
genase and adenylpyrophosphatase) are bound together in the same 
small ultracentrifugable particles. The synthesis of these particles 
along definite gradient patterns at the expense of the yolk is thus 
probably an important factor in morphogenesis. We shall return later 
to further consideration of these particles, but it is worth recalling 
now that it has been suggested by Brachet and Jeener that they might 
be the agents of protein synthesis in the cell. This view is obviously 
consistent with the localization of these granules in the embryo, since 
it is to be expected that morphogenesis, on the biochemical and mole- 
cular level, is mainly a problem of specific protein synthesis. 

As was already stated, the metabolism of the nucleic acids seems to 
undergo a profound change at the end of the segmentation period. It 
may well be an important fact, as suggested to me by Dr. J. Schultz, 
that the blastula stage is precisely the time when the nucleoli make 
their appearance in the resting nuclei. The presence of large, ribo- 
nucleic acid-rich nucleoli is, as shown by Caspersson and Schultz, a 
constant characteristic of all cells which actively synthesize proteins. 


4. NUCLEO-CYTOPLASMIC INTERRELATIONS IN HAPLOID, 
POLYSPERMIC AND HyBriID EMBRYOS 


The importance of a normal diploid set of chomosomes has been 
well known since the work of Bataillon, Herlant, Baltzer, Hadorn, 
Fankhauser, Dalcq and many others. Without entering into any de- 
tails, let us summarize the main results of the extensive work done 
on haploid, polyspermic and various hybrid combinations of Amphibi- 
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an embryos. We shall then discuss somewhat more fully the few bio- 
chemical facts so far about these embryos. 

Haploid embryos, whether they are parthenogenetic or andro- 
genetic, show a poorer development than diploid ones; they usually 
are definitely delayed, and they present a number of abnormalities, 
the most conspicuous of which is a strong oedema. Generally, the 
utilization of yolk is delayed, which might suggest a decrease in pro- 
tein metabolism. 

The degree of development of polyspermic frog embryos, as was 
shown a long time ago by A. Brachet and by Herlant, is still 
worse. Only di- and trispermic eggs are able to reach stages beyond 
neurulation, while strongly polyspermic eggs do not even cleave. Of 
special interest for cytochemical work is the case of the dispermic 
eggs, where very often exactly one half of the embryo is haploid while 
the other one is diploid. 

The degree of development reached by different hybrids varies con- 
siderably according to the combination chosen (Baltzer, J. Moore, 
etc.), but three main classes of hybrids are, however, found; those 
where no cleavage occurs, those where development stops at the 
onset of gastrulation, and those which reach an advanced larval or 
the adult stage. There is no doubt that gastrulation is a critical stage 
in this type of experiment, since Dalcq and Simon also observed a 
block at this stage in frogs’ eggs which had been fertilized by sperma- 
tozoa treated with trypaflavin or which were irradiated. It has been 
suggested recently by Moore that maternal (cytoplasmic) influences 
prevail until gastrulation, while the nucleus exerts a decisive influence 
from that time on. Such a view, which is based on a study of the 
speed of development of various viable hybrid combinations, would 
fit well with the suggestions made above, i.e., that nuclear activity 
makes itself felt at the time when the synthesis of ribonucleic acid, 
of alkaline phosphatase and of proteins becomes considerable. 

As shown by Baltzer and his school, merogonic hybrids (in which 
the female nucleus has been removed) develop less well than the 
diploid hybrids. In some of these lethal combinations, the number 
of the chromosomes in the different blastomeres may vary as much as 
from 3 to 44 (Fankhauser). 

The work of Baltzer, Hadorn and their coworkers on various 
Urodele hybrids and merogonic hybrids deserves special mention. 
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These investigators have tested the morphogenetic potencies of tissues 
from the hybrid embryos by grafting them into normal diploid em- 
bryos of different species. The results indicate that pieces of the lethal 
embryo, which would have died at the gastrula or early neurula 
stages, develop perfectly after transplantation into a normal host. 
Moreover, these pieces differentiate according to the place where they 
have been transplanted, and may thus give rise to a large variety of 
organs. These results suggest that the normal host produces a mor- 
phogenetic substance, resulting from normal interactions between the 
nucleus and the cytoplasm (Baltzer), which the hybrid is unable to 
synthesize. 

I obtained essentially similar results in the case of hybrids result- 
ing from crosses between Rana esculenta? x Rana fusca,’ whose de- 
velopment stops at early gastrulation. If the organizer region of these 
blocked gastrulae is implanted in the blastocoeles of normal Triton 
gastrulae, they differentiate into chorda and induce secondary neural 
tubes in 50% of the cases. In the other cases, the organizer remained 
an inert dorsal lip of the blastopore and no induction took place. 
However, in the case of the combination of Rana pipiens* x Rana 
sylvatica,’ Moore observed a definite reduction of both the inducing 
power of the organizer and the competence of the ectoderm in the 
hybrid. 

Only very recently have biochemical studies been undertaken on 
these interesting hybrids. In a study of nucleic acid distribution, I 
have reached the following conclusions. In parthenogenetic embryos, 
ribonucleic acid synthesis is delayed whenever the development shows 
abnormalities or retardation. In polyspermic embryos, the haploid 
side contains less ribonucleic acid only when it is underdifferentiated. 
Finally, in the frog hybrid gastrulae, ribonucleic acid synthesis does 
not take place. So long as the nuclei divide, the basophilia of the 
cytoplasm decreases, indicating probably a conversion of ribo- into 
desoxyribonucleic acid, but there is no indication that the synthesis of 
both types of nucleic acids, which should have followed, ever takes 
place. However, the organizer from such a blocked gastrula when 
grafted into a normal gastrula, is the site of an important synthesis 
of both types of nucleic acid if it resumes its development and begins 
to differentiate into a chorda. No such synthesis occurs, however, 
when the graft fails to resume its development in the host. These ob- 
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servations once more suggest strongly that an egg with such an ab- 
normal set of chromosomes is unable to synthesize nucleic acids and, 
possibly, proteins, in the normal way, and they thus fit very well with 
Baltzer’s hypothesis. 

A recent paper by Barth has brought forward interesting data con- 
cerning the metabolism of hybrid embryos as compared to the normal 
ones. The lethal combination used in these experiments was Rana 
pipiens? x Rana sylvatica*. Moore had previously studied such hy- 
brids from a morphological standpoint, showing that although develop- 
ment stops at early gastrulation, the blocked embryos were able to 
survive for a week before they commenced to cytolyze. Within this 
time, the controls (homozygous Rana pipiens) would already have 
hatched. Transplantation experiments, carried on by Moore, have 
shown that both the competence of the epidermis and the inducing 
power of the organizer still exists in the blocked gastrulae, although 
both properties are markedly reduced. Barth found that the oxygen 
consumption of the lethal hybrids first increases in the normal way, 
but that it remains constant as soon as development stops, while the 
respiration of the controls keeps on increasing. The same is true for 
anaerobic lactic acid production. The respiratory quotient of the 
blocked hybrid gastrulae does not differ significantly from the value 
found for the normal controls. Barth concludes from his experiments 
that some precursor of lactic acid forms in insufficient amounts in 
the hybrids, perhaps because the R. sylvatica chromosomes produce 
some inhibiting substance. 

However, since the small, ribonucleoprotein-rich particles also con- 
tain respiratory enzymes, one may wonder whether the metabolic 
peculiarities of the blocked hybrids are not due to their inability to 
synthesize these particles. Such an interpretation would fit well with 
the demonstration that ribonucleic acid synthesis was arrested in the 
similar hybrids which I studied. Obviously, however, further experi- 
mental work is needed in order to test this hypothesis. 

Very similar work to that which we just discussed has also been 
carried on in Drosophila lethals by Poulson and Boell. Poulson has 
extensively studied the development of eggs which lack the X-chromo- 
some and found that they show abnormalities in stages as early as 
the migration of the nuclei at the end of the segmentation. Measure- 
ments of the oxygen consumption of these eggs by Poulson and Boell 
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have shown that, just as in Barth’s case, the respiration of the lethal 
(nullo-X) eggs does not increase after the morphogenetic block 
begins. 

Here again the experimental facts agree with the view that the 
multiplication of the ribonucleic acid-containing granules probably is 
under nuclear control. Further and more direct evidence, pointing to- 
wards the same direction, had been brought forward earlier by Cas- 
persson and Schultz when they found that the introduction of an extra 
Y-chromosome in a Drosophila female markedly increases the ribo- 
nucleic acid content of the cytoplasm in the odcytes. Their work in- 
dicates thus that the ribonucleic acid content of the cytoplasm is 
under the control of the chromosomal constitution of the nucleus. 


5. CORRELATIONS BETWEEN THE CHEMICAL CONSTITUTION OF 
THE NUCLEUS AND THE CYTOPLASM IN VARIOUS 
PARTS OF THE EGG 


T. H. Morgan, who made so many fundamental contributions to 
both genetics and embryology, has developed an interesting theory 
regarding nucleo-cytoplasmic interrelationships in embryonic develop- 
ment. According to his view, initial differences in the chemical compo- 
sition of the cytoplasm would affect the genetic activity of nuclei which 
were primitively identical. These modified nuclei would in turn affect 
the cytoplasm and induce its differentiation. 

One may ask how such a theory fits with the cytochemical facts 
which are now at hand. So far no chemical difference between the vari- 
ous nuclei of the Amphibian morula or blastula has ever been found, 
and such a negative finding is of course in harmony with the well 
known isopotentiality of the nuclei in early cleavage stages. It is only 
ai later stages, when gradients in the chemical constitution (ribo- 
nucleic acid, alkaline phosphatase) of the cytoplasm become clearly 
visible, that differences between the various nuclei make themselves 
apparent. For instance, the -SH content of both the nuclei and the 
cytoplasm is apparently much higher in the neural plate than in the 
epidermis at the early neurula stage, judging from the intensity of 
the nitroprusside test (Brachet, 1940). Still earlier differences have 
recently been observed by E. Krugelis, who used the more delicate 
method of Gomori for alkaline phosphatase. She found that already 
in gastrulae, the enzyme content of both the nuclei and the cytoplasm 
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differs in the various cell layers. Here again the enzyme is synthe- 
sized along a definite gradient pattern at the same time in the nucleus 
and in the cytoplasm. It is likely that many similar facts will be made 
known when the cytochemical analysis of developing eggs will have 
made further progress and when more quantitative methods will be 
used. As matters stand now, they obviously lend some support to 
Morgan’s hypothesis. 

If we attempt to summarize some of the main chemical events during 
embryonic development, we are led to conclude that in the unfer- 
tilized Amphibian egg, we find a simple animal-vegetal gradient which 
is the expression of the initial egg polarity. Cleavage is a period where 
desoxyribonucleic acid is synthesized, apparently at the expense of ribo- 
nucleic acid. It is only at gastrulation that synthetic processes be- 
come apparent. At that time, ribonucleic acid, alkaline phosphatase 
and probably other constituents of ultracentrifugable particles are 
synthesized along the morphogenetic gradients, while the chemical 
constitution of the nuclei becomes different in various parts of the 
embryo. 

Finally, a few more remarks may be made about the nucleoprotein 
particles. As was stated above, these particles contain a number of 
very important enzymes and have been suggested as the possible agents 
of the synthesis of specific proteins. We have also considered it 
likely that these granules are elaborated under nuclear control. 
Whether or not one should call them plasmagenes is only a question 
of definition for the time being, since we do not as yet know enough 
of their possible genetic significance. Similar particles have been 
found in all adult tissues, and there is no doubt that they exhibit 
specificity although they are always built on the same general pat- 
tern. It will be the task of the future to study the changes that they 
undergo during development, but already some suggestive pertinent 
facts are known. 

For instance, in adult tissues 80% at least of the ribonucleic acid 
which can be extracted with water is bound to the ultracentrifugable 
particles. In frogs’ eggs, however, only 30% of the nucleic acid is 
sedimented at high speeds (Brachet and Chantrenne), while this pro- 
portion has already considerably increased in the hatching tadpoles. 
Such a result indicates that during development ribonucleic acid 
enters into the constitution of increasingly large particles. That these 
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particles become more and more complex as they increase in size is 
shown by recent work of Chantrenne, who stu lied 5 different fractions 
of granules isolated by centrifugation at various speeds from phosphate 
buffer extract of adult liver. Chantrenne’s main conclusion is that 
the smallest granules are almost pure ribonucleoprotein, containing 
only traces of phospholipids and of enzymes. The larger the particles 
are, the more complex they become, as evidenced by their progressive- 
ly increasing enzyme content. One might thus imagine that the un- 
fertilized egg contains mostly simple nucleoproteins and that the par- 
ticles become increasingly complex during development. Their chemi- 
cal constitution in various parts of the egg must also become different, 
and this should in turn lead to the synthesis of specific types of 
proteins. 

The still very hypothetical character of most of the ideas which 
have have been discussed here is quite obvious, but a large number of 
these hypotheses can fortunately be checked experimentally. It is to 
be hoped that such experiments, when performed, will lead to further 
pvcgress in our knowledge of nucleo-cytoplasmic interrelationships 
in the cell and the embryo. 
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RECENT ADVANCES IN THE PHYSIOLOGY OF TUMOR 
FORMATION IN THE CROWN-GALL 
DISEASE OF PLANTS' 


ARMIN C. BRAUN 


Department of Animal and Plant Pathology, The Rockefeller Institute 
for Medical Research, Princeton, New Jersey 


I should like to review some of the progress that has been made 
during the past several years in our understanding of the process 
of tumor formation in the crown-gall disease of plants. This discus- 
sion will be confined, for the most part, to work that has been done 
in the laboratory of plant pathology at the Rockefeller Institute at 
Princeton. Several investigators have collaborated in securing the 
results reported here. Among these I should like to mention particu- 
larly Drs. L. O. Kunkel, Philip R. White and Thomas Laskaris. 

Crown gall is a neoplastic disease of plants that is initiated by 
a specific bacterium now known as Agrobacterium tumefaciens (Smith 
and Townsend) Bergey et a/. When plants representing many differ- 
ent families are inoculated with bacteria of this species, tumorous 
overgrowths develop at the points of inoculation. These tumors are 
not self-limiting and when they develop on perennial plants they may 
reach enormous size. Tumors weighing as much as one hundred 
pounds have been reported on a number of occasions (14). 

On certain plants, particularly the sunflower (1) and Paris daisy 
(12, 13), there are produced in addition to the primary tumor, sec- 
ondary tumors that arise at points distant from the seat of the pri- 
mary inoculation. Although the mechanism involved in the inception 
of these secondary tumefactions is not fully understood, they are in- 
teresting because they are frequently free of the bacteria that initiate 
the primary tumor. The finding that many of these secondary struc- 
tures are bacteria-free enabled us to study the question as to whether 
or not these tissues were capable of autonomous development. When 
fragments of the secondary tumors were removed aseptically from the 
host and planted on an agar medium adapted to the growth of tissues 
it was found (14) that they grew very rapidly, were white in color, 
and never became organized into a coherent system. Normal plant 


‘The paper is based on a lecture read at the Annual Symposium of the Society for the 
Study of Development and Growth, held at Storrs, Conn., Aug. 26-29, 1947. 
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tissues, on the other hand, grew slowly in culture and showed con- 
siderable structural organization, thus evidencing a fairly pronounced 
response to the morphogenetic restraints characteristic of the same 
tissues when growing in the host. While cultures of healthy tissues 
increased in volume 250 times in a year, the tumor tissue cultures 
grown on the same medium increased in theoretical volume about one 
million million times in the same period. 

The bacteria-free tumor tissues are composed for the most part of 
thin-walled parenchymatous cells. Scattered among these are thicker- 
walled, modified scalariform cells which occur for the most part in 
isolated masses. Both hypertrophied and hyperplastic cells are char- 
acteristically present. The division of greatly swollen hypertrophied 
cells into a number of smaller cells (Fig. 1 A) has been observed. Other 
large cells resist division and remain as giant cells, some of which 
show interesting cytological characteristics. Abnormal nuclear phe- 
nomena occur quite commonly. Cells with two, three, or four nuclei 
are frequently found while multinucleate cells (Fig. 1 B) containing 





FIG. 1 
(A) TRANSVERSE SECTION OF A BACTERIA-FREE SUNFLOWER TUMOR. NOTE GREATLY 
SWoLieN CELL Has DIvIDED INTO A LARGE NUMBER OF SMALLER CELLs. (B) MUL- 
TINUCLEATE CELL FouND IN BACTERIA-FREE TUMOR TISSUE. (C) SOME REPRE- 
SENTATIVE NUCLEAR ABNORMALITIES OBSERVED IN THE TUMOR 
TissuE CULTURE MATERIAL 
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as many as 20 or more nuclei have also been observed. When four 
or more nuclei are present in a cell they are characteristically smaller 
than normal and they are invariably clustered together at the center 
of the cell. Evidence of fragmentation together with notched, cleft, 
and lobulate nuclei (Fig. 1C) are found more commonly in tumor 
tissue than in the normal and there is a strong suggestion that ami- 
totic division may occur. Mitotic figures are comparatively rare and 
wherever counted chromosome numbers were found to be normal. 
The only abnormality observed in the mitotic picture was the occa- 
sional lagging of a chromosome. 

Earlier in the discussion it was stated that many of the secondary 
tumors as found on the host and fragments of tissue from these grown 
in culture, were free of the bacterium that incites the formation of 
the primary tumor. I should like to outline briefly the evidence upon 
which is based the conclusion that these tissues are, in fact, free of 
the organism (5). Many thousand attempts to demonstrate the pres- 
ence of the bacterium by the usual plating and plant-inoculation tech- 
niques failed consistently. The tumor tissue cultures when used as 
immunizing antigens, failed to reveal the presence of the crown-gall 
bacterium by either the agglutination or complement-fixation test 
when the crown-gall organism was used as the test antigen. Special 
tests suitable for the isolation of possible filterable forms of the bac- 
terium or forms similar to the L, form associated with Streptobacillus 
moniliformis likewise yielded negative results. Extensive studies were 
also conducted in an attempt to characterize a possible virus that 
might be present in these tissues. Mechanical transmission employing 
ground tumor tissue culture material, transmission experiments in 
which two species of dodder were used, as well as successful trans- 
plants of tumor tissue to a healthy host, failed to give any indication 
of the presence of a virus. 

When fragments of these bacteria-free tumor tissues were implanted 
back into healthy host plants of the same species from which they 
were originally derived, they again developed into typical crown- 
gall tumors (14). Normal tissue implants fuse with the host tissue 
and soon fall into the normal growth pattern of the host. The bacteria- 
free tumor tissues have now retained their tumor-inducing capacity 
for more than five years. The results indicate, therefore, that these 
are permanently altered cells that reproduce true to type and against 
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which there is no control mechanism in the host. The characters of 
these plant tumor cells are, as far as the affected cell is concerned, 
the same as those by which malignant animal cells are distinguished 
from normal, inflammatory or temporarily altered cells. The plant 
tumor cells show autonomy and anaplasia which constitute the dis- 
tinguishing biological characters of malignant animal cells. 

After it had definitely been established that normal cells are per- 
manently changed to tumor cells under the influence of the bacteria, 
the next problem that engaged our efforts was concerned with the 
period of time necessary for the bacteria to act on the normal host 
cells in order to accomplish the cellular alteration (2). The experi- 
mental method used to study this question consisted of permitting 
the bacteria to act on the host tissues for varying periods of time, 
and then subjecting the host-parasite complex to a temperature suffi- 
ciently high to kill the bacteria but to permit survival of the host. 
Vinca rosea L., the Madagascar periwinkle, was used as the test plant 
in these experiments because it had been found that this plant was 
capable of withstanding high temperatures for prolonged periods with- 
out serious injury (8). It was found that a thermal treatment of 46°- 
47° C. for a period of 5 days was adequate to free the plant tissues 
of the crown-gall bacterium without affecting the capacity of the tis- 
sues to produce tumors at the points of inoculation. 

A method of eliminating the crown-gall bacteria from the host 
having thus been found, it became possible to study the question at 
hand, namely, the period of time necessary for the bacteria to con- 
vert normal plant cells to neoplastic cells. Large Vinca plants were 
inoculated with crown-gall bacteria at intervals of exactly 24 hours for 
a period of 5 days. On the 6th day all plants were placed at 46°-47° C. 
for 5 days after which time they were again placed in a greenhouse 
held at about the same temperature. At the time that the plants were 
removed from the hot room there was no macroscopic evidence of 
cellular proliferation at the points of inoculation. The results of these 
experiments demonstrated that there is a lag of somewhat more than 
one day between infection of the host plant with the bacteria and the 
initiation of the conversion process at least as far as can be deter- 
mined macroscopically. Subsequent work showed that the first con- 
sistent evidence of tumefaction followed an exposure of the host to 
the bacteria for a period of about 30 hours. This minimal period 
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varied somewhat with the time of year and the size and age of the 
plants used. The galls that were initiated at this early stage charac- 
teristically remained small during a period of about 3 months. Some 
of these continued to develop slowly and after an 8-month incubation 
reached a fairly large size. The tumors that were initiated during a 
4-day period, on the other hand, were comparable both in size and 
rate of development to those of the inoculated but untreated control 
plants. The continued abnormal development of the tumor cells 
became at this early stage independent of the bacteria, and thereafter 
the altered cells multiplied autonomously and developed into large 
tumorous overgrowths. We have, therefore, evidence that the altera- 
tion from the normal to tumor cell in the primary as well as in the 
secondary tumors represents an alteration in the cell itself by virtue 
of which abnormal cellular proliferation becomes an automatic process 
independent of the growth-restraining influences of the host, and also 
of the continued action of the bacteria. This new property becomes a 
fixed character which is transmitted indefinitely. 

Before continuing with the discussion of tumor inception, I should 
like to digress for a moment and touch briefly on another phase of 
these studies which has a bearing on the work that follows. 

Isolates within certain strains of Agrobacterium tumefaciens show 
varying degrees of virulence. Some isolates are capable of regularly 
initiating very large tumors, whereas certain sister cell cultures may 
produce only slight cellular proliferation around the points of inocu- 
lation. Under the usual experimental conditions the incipient tumors 
never develop to any appreciable extent. However, it has been found 
(4) that when these small tumors are supplemented with such a 
growth-promoting substance as naphthalene acetic acid, large neoplas- 
tic growths result (Fig. 2). When fragments of these tumors are 
implanted into healthy hosts they give rise again to typical crown 
galls. Bacteria isolated from such tumors were still found to be 
attenuated. Fragments of tissue stimulated by the growth substance 
alone, when grafted into a healthy host, fused with the host but did 
not develop into a tumorous overgrowth. 

I believe that we can conclude as a result of this experiment that 
at least three factors are involved in accomplishing full tumor de- 
velopment. We need 1) the bacteria, which serve directly or indi- 
rectly to bring about the conversion of normal cells to tumor cells; 
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FIG. 2 
TomMATo STEM INOCULATED WITH: 
(1) A virulent culture; 
(2) An attenuated culture; 
(3) Uninoculated, punctured with sterile needle and treated with growth-promoting 
substance ; 

(4) An attenuated culture and treated with a synthetic plant hormone. 
Note similarity of tumors formed in 1 and 4. 


2) susceptible host cells which are capable of responding to the car- 
cinogenic influence of the bacteria; and, 3) a hormonal effect, about 
which more will be said in a moment. 

As a result of this study it has also been hypothesized that tumor 
formation takes place in at least two distinct phases. In the first 
phase the bacteria convert normal cells to tumor cells which as yet 
do not develop into a neoplastic growth. The second phase, according 
to this concept, involves those factors that are concerned with the 
continued abnormal growth of the altered cells. The virulent bac- 
teria can accomplish both of these phases while the attenuated culture 
brings about only the first. Whether a single or two or more factors 
are involved in the alteration and stimulation of the tumor cells is 
not known. 
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de Ropp, however, has published within the past several months 
some interesting data concerning the growth-promoting and tume- 
facient factors that are present in bacteria-free tumor tissues (11). 
This worker has shown that tumor tissue generates a diffusable sub- 
stance which behaves in certain, but not all, respects like the known 
growth substances. He has also shown by means of an # vitro graft- 
ing technique that a factor is liberated from the tumor tissue scion 
which is capable, in some instances at least, of initiating the produc- 
tion of what were referred to by de Ropp as secondary tumors in the 
normal stock. These overgrowths resembled closely in structure the 
bacteria-free nodular secondary tumors previously described on sun- 
flower plants inoculated with virulent bacteria (1). Fragments of 
tissue from these so-called secondary tumors grew in a disorganized 
manner similar to that described for known tumor tissues. Unfortun- 
ately there is no record of attempts having been made to reimplant 
the tissue into a healthy host in order to determine if the cells ex- 
hibited autonomy in the plants as well as in the culture. It was sug- 
gested, however, (11) that the growth-promoting factor and the 
tumefacient factor may be distinct entities, the latter perhaps being 
a self-perpetuating agent similar to the carcinogenic viruses or the 
plasmagenes. 

These experiments were carried out on a number of different test 
objects. Included among these were stems of intact plants, pads 
of callus tissue and small segments of normal stems that were used 
as the stock in the im vitro grafts. All, including those in which cellu- 
lar transformation had resulted, showed strong evidence of an in- 
crease of growth substance level in the tissue after exposure to the 
tumor tissue. If we examine the secondary tumors described by 
de Ropp we find that they are composed of a large central core of 
secondary xylem and a somewhat enlarged but regular cortex. This 
great increase in secondary xylem is a characteristic response of 
certain plant tissues to high levels of growth substance. It is conceiv- 
able, therefore, that instead of dealing with two factors, we may in 
fact be dealing here with a single factor that is generated by the 
tumor tissues, behaves physiologically like a growth substance but 
which can under certain specialized conditions exert a tumor-inducing 
effect as well. The fact that the normal plant tissues react differ- 
ently, according to de Ropp, to the growth-promoting factor present 
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in the tumor tissue than they do to indoleacetic acid, suggests that 
these two substances may not be identical, although it is conceivable 
that the ordinary growth substances might, under special conditions, 
exert tumor-inducing effects. 

Gautheret (7) has shown that if certain normal plant tissues are 
subjected to the action of synthetic plant hormones for prolonged 
periods they become capable of growing indefinitely without them. 
They do, in fact, lose their reactivity toward these substances. This 
has led to the suggestion that the cellular changes brought about by 
the action of the synthetic plant hormones may represent a sort of 
cancerisation of the normal tissue comparable to that produced by 
the crown-gall bacterium. 

With these facts in mind it is interesting to speculate on the 
possible nature of the cell change, which is the fundamental prob- 
lem not only in crown gall but also in other neoplastic diseases. 
There may be present in these tissues then, as has been suggested 
(11), a self-perpetuating entity which, like the carcinogenic viruses, 
induces the continued abnormal proliferation of the cells. In this case 
the hormone-like factor might be considered the result of the ab- 
normal metabolism of the rapidly proliferating cells, and thus may 
have no real causal relation to the pathological development of these 
cells. 

The results can perhaps be interpreted equally well by assuming 
that the tumor cells themselves have acquired, as a result of their 
transformation, a capacity for synthesizing large amounts of a sub- 
stance which is probably similar to but not identical with synthetic 
plant hormones. The continued production of this substance by the 
tumor cells could account for the continued abnormal and unregu- 
lated proliferation of the affected cells. It is interesting to note that 
galls produced on certain plants such as the bean (6) by synthetic 
growth substances are very similar in appearance to tumors initiated 
by crown-gall bacteria. The former, however, are self-limiting and 
when the stimulus is removed cellular proliferation ceases. If, how- 
ever, the cells themselves had acquired the capacity to synthesize 
these or similar substances in large amounts, then their abnormal 
proliferation could and perhaps would become a continuous and un- 
regulated process. According to this interpretation the growth-pro- 
moting and tumefacient factors would be the same and would be 
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produced by the cells themselves as a result of the transformation. 
The fact that completely altered tumor cells (10) are insensitive to 
and in certain instances strongly inhibited by concentrations of 
growth substance that greatly stimulate normal tissue further indi- 
cates that an excess of these materials is already present in the tissues 
of the former. The marked difference in the rate of growth of tumor 
tissue and normal tissue (14) when cultured on a medium devoid of 
growth-promoting substances appears to furnish further evidence of 
the ability of the tumor tissue to synthesize in large amounts this 
essential metabolite. 

By supplementing the cells altered by the attenuated culture with 
synthetic growth substances we may be supplying the physiologi- 
cally-active materials to the cells which are already present in excess 
in the cells transformed by the virulent culture. 

Studies on the nature of the cell change will undoubtedly be great- 
ly facilitated when more has been learned of the origin and nature of 
the active principle that is responsible for the conversion of normal 
to neoplastic cells. This factor is clearly associated with the presence 
of the crown-gall bacterium in the early stages of the disease and, as 
already indicated, it has the capacity of bringing about the cellular 
alteration as early as 30 hours after the bacteria are brought into 
contact with the plant tissues. It is obvious that any information re- 
garding the conditions under which the factors responsible for tumor 
initiation in crown gall are active in transforming normal cells will 
serve to help characterize this principle. In further studies on the 
process of tumor inception, therefore, we utilized an observation made 
by Riker (9). These studies dealt with the influence of temperature 
on the development of the crown-gall disease in tomato plants. It 
was found that good tumor development was obtained at tempera- 
tures up to 28° C. The tumors were distinctly inferior between 28° 
and 30° C., while above 30° C. no tumors were produced. This was 
true despite the fact that the bacteria and the host plant grew well at 
32° C. These observations clearly indicated that a pronounced change 
in the physiology of either the bacteria or the plant or both had taken 
place at 30° C. In view of the two-phase theory of tumor formation 
that had been formulated (4) it appeared necessary at the outset to 
determine whether a temperature of 32° C., which was just above the 
critical temperature for tumor development, prevented the conver- 
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sion of normal cells to tumor cells or exerted an inhibitory influence 
on cellular multiplication after the change had been consummated (3). 
Vinca rosea L. was again used as the test plant in these experiments. 

In order, then, to determine which of the phases of tumor forma- 
tion was involved, two sets of periwinkle plants were inoculated with 
crown-gall bacteria. Following inoculation one set of plants was 
placed at a temperature of 32° C., while the other group was placed 
at 26° C. Both were incubated at their respective temperatures for 
5 days. A 5-day period was used because the cellular alteration is 
fully accomplished in that period in the periwinkle. The bacteria 
were then killed by exposing both sets of plants to a temperature of 
46°-47° C. Following the heat treatment, that set of plants which 
had been incubated at 26° C. was placed at 32° C., whereas the other 
set which had been incubated at 32° C. was placed at 26° C. 

The results showed that tumors developed promptly and grew 
rapidly at a temperature of 32° C. when the bacteria were permitted 
to act on the plants for 5 days at 26° C. The other group, which had 
been incubated at 32° C. for 5 days and then placed at 26° C., showed 
no evidence of tumor formation. These results clearly demonstrate 
that normal cells are not converted into tumor cells at 32° C. When 
the cellular change has been carried to completion during a 5-day in- 
cubation period at 26° C., however, then the altered cells develop 
into large neoplastic growths at 32° C. Further experiments showed 
that the inability of the bacteria to bring about the cellular conver- 
sion was not the result of physiological disturbances in the plant as 
a whole, but appeared to be dependent upon environmental condi- 
tions that existed in the immediate vicinity of the site of inoculation. 

After the local nature of this thermal reaction had been estab- 
lished, it appeared possible that wound healing of plants held at 32° C. 
and at 26° C. might differ and as a result interfere with tumor in- 
ception at the higher temperature. This problem was approached in a 
number of different ways and all results suggested that gross wound 
healing did not differ appreciably at a temperature of 26° C. where tu- 
mors are initiated and at 32° C. where they are not. I should like, never- 
theless, to review briefly several of these experiments because the re- 
sults obtained define the inception period. 

Periwinkle plants were punctured with a sterile needle at 12-hour 
intervals for a period of 6 days. The plants were permitted to remain 
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at 26° C. during that period. All stages of wound healing as they 
occurred at 26° C. were thus obtained. After the last punctures had 
been made on the sixth day, all wound areas were inoculated with 
an aqueous suspension of bacteria. When plants treated in this way 
were placed at 32° C. immediately after inoculation, no tumors re- 
sulted. When, in other experiments, they were held at 26° C. instead 
of 32° C. after inoculation with the bacteria, then it was found that 
tumors developed in plants that had been wounded for 4 days or less, 
while no tumors were found on plants inoculated 5 days or more after 
wounding. In another experiment plants were inoculated with crown- 
gall bacteria and placed immediately into a chamber at 32° C. At 
intervals of 24 hours for a period of 10 days plants were removed 
from the chamber and placed at 26° C. After suitable incubation 
at 26°C. it was found that tumors developed on plants that had been 
held at 32° C. for a period of 4 days or less. Plants removed from 
the chamber on the 5th day as well as on subsequent days showed 
no evidence of tumor formation. These results are interesting be- 
cause, together with a finding discussed earlier, they precisely define 
the inception period. The first evidence of cellular alteration was 
found after exposure of the plant tissues to the bacteria for a period 
of about 30 hours. The bacteria, moreover, were only capable of ac- 
complishing the cellular alteration in periwinkle during the 4-day 
period immediately following the wounding of the host. This despite 
the fact that many virulent bacteria were in contact with the plant 
tissues after the fourth day. The results suggest, therefore, that it 
is before or during the early phases of active wound healing that the 
cellular conversion takes place in the periwinkle. 

Although the gross wound-healing reaction appeared to be not 
very different in the periwinkle at temperatures of 26° and 32° C.., 
the possibility still remained that the conversion process was associ- 
ated with the recovery of individual cells rather than with other 
phases of wound healing. An extensive series of experiments was con- 
ducted to study this question. If sterile wounds were permitted to 
heal at 26° C. for periods ranging from 12 to 72 hours, and if then 
the bacteria were introduced into the wounds without further injury 
by means of a camel’s hair brush and permitted to act on the plants 
for additional periods up to 20 hours at 26° C., no tumors were initi- 
ated. The conversion precess was of course brought to a ha't at the 
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desired time by placing the plants at 32° C. The results, which I 
shall not take up in detail here, showed that regardless of the state 
of the healing process as it occurred at 26° C. up to 72 hours after 
the initial wounding, the bacteria must be in intimate contact with 
the plant tissues for a minimum of between 20 and 30 hours before 
visible tumefaction occurs. 

Studies on bacterial multiplication (3) in periwinkle plants kept at 
26° and at 32° C. showed that the population increased rapidly at 
both temperatures during the 3-day period following inoculation of 
the bacteria into the host: After the third day a gradual leveling off 
in the population appeared to take place. This finding correlates well 
with the relative size of the tumors initiated by the bacteria in 30 
hours as compared with those initiated in 3 and 4 days. It should be 
recalled that a small percentage of tumors was initiated in 30 hours 
and these tumors developed slowly as compared with those initiated 
in 3 or 4 days. This suggests that the active factor is produced either 
directly or indirectly by the bacteria in gradually increasing amounts 
during active proliferation of the organism. Whether the difference in 
size of the tumors initiated by the bacteria in 2 days and in 4 days is 
the result of the alteration of an increased number of host cells during 
this period, or whether the alteration takes place in progressive steps 
in relatively few cells leading ultimately to the completely autono- 
mous type of cell has not as yet been determined with certainty al- 
though the available evidence seems to favor the latter view. 

Since the bacteria multiply as well or perhaps slightly better at 32° 
C. than they do at 26° C. and yet tumors are produced at 26° C. but 
not at 32° C., I believe we must conclude that the factor responsible 
for conversion of normal to tumor cells either 1) is very heat-labile 
and is destroyed at 32° C. under the conditions that exist in the peri- 
winkle, or 2) is not produced by the bacteria at the higher tempera- 
ture or possibly 3) is rendered inactive by an inhibitor that is acti- 
vated at that temperature. 

With these facts on tumor inception established, it now becomes 
possible to intelligently approach the problem of the isolation and 
characterization of the factor responsible for the cellular conversion. 
This accomplished, it may in turn provide for us the clue necessary 
for the establishment of the fundamental nature of the cell change. 
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THE MODE OF ACTION OF CHEMICAL CARCINOGENS, AND 
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I have chosen the subject of the mode of action of chemical carci- 
nogens, particularly since it is entering an especially interesting phase. 
with wide implications, not only for cancer, but for biology as a whole. 

It is just over thirty years since cancer was first induced, experi- 
mentally and at will, by the Japanese through the application of coal 
tar to rabbit skin. It is actually less than 20 years since the cyclic 
hydrocarbon 1:2:5:6-dibenzanthracene was described by Kennaway 
and Hieger as the first pure chemical individual capable of producing 
malignant tumors. Yet in this relatively short time we have now 
accumulated a great volume of knowledge concerning the nature, 
number and variety of the chemical carcinogens, now known to 
include such diverse types as cyclic hydrocarbons (mainly related to 
1:2-benzanthracene), nitrogen- and sulphur-containing analogues, azo 
compounds, aminofluorenes, and various derivatives of 4-aminostil- 
bene, to which I shall shortly refer. Several hundred chemical 
carcinogens are at present known, and while the list is almost cer- 
tainly far from complete, it is natural that less attention should now 
be paid to descriptions of the carcinogens alone, with progressively 
more to their mode of action. The problems of major importance 
which now concern us are rather the nature of the structural rela- 
tionship between carcinogens of one chemical class and those of an- 
other, the extent to which any such community of structure may sig- 
nify a common principle of action, and, finally, the nature of that 
action itself by which the biological change, from the normal to the 
malignant state, is achieved. Before proceeding, it may be noted 
how comparatively little in the way of correlation has been obtained, 
at least until very recently, by the use of purely physical methods, 
and how fertile in contrast have been the suggestions arising from 
the chemical, biochemical and biological attack. 
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PHYSICAL PROPERTIES 


So far as physical properties are concerned, the great majority of 
all chemical carcinogens are virtually insoluble in water, although 
soluble in lipoids and to some extent in body fluids such as serum 
and bile; but there is no relation, directly at any rate, between the 
greatly varying degrees of such solubility and carcinogenic action. 
For the polycyclic hydrocarbons, no specific differences have been dis- 
closed between carcinogens and non-carcinogens, by means of either 
fluorescence or ultra-violet absorption spectroscopy. In the case of 
the aminostilbenes, the ultra-violet absorption spectra of a considera- 
ble series are being investigated by my colleague, Dr. Edna Roe, and 
it seems we may here have encountered, for the first time, a significant 
correlation: at any rate, biological activity in this series appears 
to be closely dependent upon the ¢rans-configuration of the molecule 
about the ethylenic double bond, upon a co-planar arrangement of 
the polar group with the two aromatic rings, and upon the ability to 
assume a dipolar quinonoid form. For both the carcinogenic 
hydrocarbons and aminostilbenes, it is still too early to say whether 
developments may arise from the radically different type of infor- 
mation to be obtained by the application of infra-red spectroscopy. 
Other physical or physico-chemical techniques, such as the interaction 
of carcinogens with monomolecular films of sterols, proteins and 
other substances, have still been very inadequately studied, although 
Clowes and his collaborators suggested that this type of interaction 
might influence the normal function of cholesterol. 


CHEMICAL RELATIONSHIPS 


The possibility has already been recognized that certain azo com- 
pounds, exemplified say by 2:2’-azonaphthalene, may be re-arranged 
and transformed into carbazoles in the liver, (in this case into 3:4:5:6- 
dibenzcarbazole), and there produce tumours of that organ. Although 
no proof has so far been obtained that such a process is effected 
in vivo, it seems a legitimate question whether such chemical trans- 
formations, even if they do not represent the mechanism itself, should 
not be regarded as significant and important affinities if only in the 
theoretical sense. We have found 4-aminostilbene to have the re- 
markable property of producing tumours of the rat of a type and 
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distribution similar to those produced by 2-acetylaminofluorene, i.e., 
squamous carcinoma at various sites, liver tumours and mammary 
tumours, as well as sarcomata. Here a similar suggestion was made 
to us by Dr. F. L. Rose of a conversion to 3-acetylaminofluorene or 
te 2-aminoanthracene. Here again, even if such a mechanism is re- 
garded as an extremely unlikely explanation of the action of 4-amino- 
stilbene in the body, its chemical feasibility has perhaps some underly- 
ing meaning which we should not ignore. 

Whatever may be the ultimate prospect of deriving logical rela- 
tionships between them, it still remains a fact that compounds of 
widely different features in the purely chemical sense (as anthracenes 
and fluorenes, aminostilbenes, acridines and carbazoles) may none 
the less show an important biological property in common. Some of 
these cases led Cook to indicate the significance, in themselves, of 
general molecular shape and dimensions, and a somewhat similar 
epinion was held by F. Bergmann, who conceived the molecule as 
functioning as a whole, and its activity as being determined by 
shape and size. Bergmann suggested that all the carcinogenic hydro- 
carbons might be adsorbed by a single receptor, and that all such 
compounds might be regarded as parts of an “ideal” carcinogenic 
structure. According to this view, geometrical conformity of carci- 
nogen and receptor is a necessary condition for activity, although 
not a sufficient one. Pursuing these notions, it is a logical step to 
consider if the wide range of compounds already examined, or some 
class among them, possesses any structural characters in common, 
such as might indicate the essential nature of the carcinogen-receptor 
relation. It may be said at once that this is almost certainly not so, 
but we have been impressed by a curious relation in certain pairs of 
isomerides one of which is carcinogenic and the other inactive or only 
feebly active, and according to which the active molecule alone 
might appear to incorporate the skeletal structure of a trans-diaryl- 
“ethylene.” 

Such a relation may conceivably represent more than mere coinci- 
dence—although Pacault has adduced evidence for the existence of 
“ethylenic” structures in such aromatic nuclei. If so one might, how- 
ever, anticipate a marked distinction in carcinogenicity between the 
homologues of 1:2-benzacridine which could not incorporate the trans- 
diaryl “ethylene”, and of 3:4-benzacridine which could; it is of in- 
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terest that Lacassagne and his colleagues have in fact described a 
strong contrast between the two series, but in the opposite sense 
to the above! In many other examples too, it is clear that no such 
simple relation could possibly hold. 

Notwithstanding the absence of any very obvious clue, the extent 
of the existing data on effects of alkyl and other substitution in 1:2- 
benzanthracene alone, makes it very desirable that these data should 
soon be re-examined in a further attempt to generalize the relation 
between chemical constitution and carcinogenic action. Some time 
ago we obtained, in collaboration with Dr. H. O. Hartley, partial 
evidence that the carcinogenic derivatives of benzanthracene may be 
members of a series, so far as their geometry alone is concerned. 

The matter still requires very much closer scrutiny, and one would 
therefore hesitate to advance even the most tentative hypothesis. 
But it appears to be not beyond the bounds of possibility to derive 
in the future, by purely numerical and geometric methods, an ex- 
pression which would generalize all the information we already have 
in so many individual cases concerning the effect of substitution 
on the carcinogenic activity of the benzanthracenes at least. Such an 
expression would clearly represent simply a comprehensive state- 
ment, in the smallest number of terms, of what we already know; 
but assuming it could be fully verified, it might also indicate some 
relationship not so apparent from the individual data themselves, and 
it might reflect, without necessarily giving any direct indication of 
its nature, some type of reactivity necessary for this kind of bio- 
logical action. 

In the attempt to define the essential structural requirements for 
carcinogenicity, Sir Robert Robinson has recently suggested that the 
weight of evidence indicates the possibility of reaction at an acti- 
vated phenanthrene-type bridge in the great majority of cases. But 
again there are certain apparent exceptions, more than one mechan- 
ism may be involved, and Robinson has made clear his unwillingness 
to advance even a provisional hypothesis until more facts have been 
gathered. There are equally, however, several examples not merely 
consistent with such a view, but remarkably striking and suggestive 
in the relationships they show. In view of the extreme carcinogenicity 
of 9:10-dimethyl-1:2-benzanthracene it is of great interest that 9:10- 
dimethyl-1:2:7:8-dibenzanthracene has now been found by Beren- 
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blum to possess marked carcinogenicity, in contrast with 9:10-di- 
methyl-1:2:3:4-dibenzanthracene, which is completely devoid of such 
activity. 

These examples are in keeping with the view that an essential re- 
quirement may be the phenanthrene double bond: it also appears that 
the reactivity of the 9- and 10- positions of phenanthrene may be en- 
hanced (or competitive reactivity reduced) by appropriate substitu- 
tion elsewhere. Another critical case, also in agreement, has recently 
been described by Harris and Bradsher in an astonishing contrast 
between the high carcinogenic activity of 1:2:3:4-dibenzphenanthrene 
and the total absence of activity in either the 9-methyl or 10-methyl 
derivatives. 

One further method of attack, applied by Robinson, has been to 
test substances analogous with known carcinogens in that a benzene 
ring is replaced by the isosteric thiophene nucleus. In 9:10-d!methyl- 
1:2-benzanthracene itself there are three benzene nuclei which might 
be replaced in this way, and in two of these cases the products 
are already known to be carcinogenic. The third isomeride, which is 
of greater significance in that the phenanthrene bridge is here re- 
placed by sulphur, has now been prepared by B. Tilak, and it is 
certainly of interest not merely that this compound is non-carcino- 
genic by subcutaneous injection in mice, and seems to be only weakly 
active on painting, but that high potency again emerges in the benzo 
derivative, where the phenanthrene double bond is once again a 
feature. 

The apparent importance of the phenanthrene double bond, even 
if it is not completely determining in its influence upon carcinogenic 
activity, may conceivably find a parallel in the ethylene bond of the 
aminostilbenes. Between these structures there is a high degree of 
similarity not merely on purely chemical grounds, but also in the 
way in which substitution, modification or total replacement, lead to 
annulment of the biological activity of the molecule as a whole. Such 
activity completely disappears when the ethylene bridge is extended 
to three or four carbon atoms, when it is reduced, when either or 
both hydrogen atoms are substituted by an alkyl group, when either 
methine group is replaced by a nitrogen atom, or when the whole 
bridge is replaced by oxygen or sulphur. In the aminostilbenes it 
would seem to be a necessary condition, although clearly not a suffi- 
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cient one, that the molecule should be capable of assuming a quinonoid 
disposition, with an electron-donating group in one ring conferring a 
high degree of negative polarity in the other, and the outstanding 
feature being the necessity for unsubstituted hydrogen atoms in the 
ethylene bridge and at the p’ position. Such a system would appear 
possibly to contain a structure in the ethylene bridge which is an- 
alogous with the phenanthrene double bond in the cyclic hydrocar- 
bons, and to possess electronic characters which are produced in 
condensed systems of benzene rings by rather different means. Fur- 
ther, the amino-diarylethylenes present certain advantages in their 
comparative simplicity and in the relative ease with which one may 
hope to establish a connexion between chemical constitution and ac- 
tivity. Finally, the changes they are likely to undergo in the body— 
some of which may be compared with known steps in the oxidation 
of p-aminophenol—are again such as might be expected to interfere 
with the oxidative mechanism of the cell. 


ENERGY STATES IN THE CARCINOGENIC MOLECULE 


These relationships gain further interest from recent attempts to 
establish a connexion between electron distribution and chemical re- 
activity on the one side, and carcinogenicity on the other, in the con- 
densed unsaturated hydrocarbons. Otto Schmidt was the first to com- 
pare the electron density of the meso regions of certain carcinogenic 
substances with that in related non-carcinogens, and on the basis of 
this comparison he postulated that it is a necessary condition of car- 
cinogenic activity that the density of such regions should exceed a 
measured threshold (0.44e/A*); in particular, he further suggested 
that the activity of a carcinogen is due to the electro-affinity of its 
excited state facilitating a quantal change in neighbouring molecules. 
More recently, A. and B. Pullman, in Paris, have obtained supporting 
evidence of this conception, through a quantum mechanical treat- 
ment (with Daudel) which permits a calculation of electronic density 
for a given structure, by means of which it is claimed that a relation 
can be formulated between carcinogenicity and the electronic den- 
sity of the region K, the density-threshold below which a substance 
ceases to be carcinogenic being 1.292e. 

The Pullmans also state that it is not the position of the K region 
which is of first importance, but its specific character, and that it may 
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appear at other points of the molecule and still possess the same 
function. Hence, while their work would seem to confirm in the 
main, and on a quantitative basis, Schmidt’s theory of the relation 
between the carcinogenic power of a molecule and the existence within 
this molecule of a region rich in mobile electrons, it is less in agree- 
ment on points of detail such as the position of the active region, and 
the influence of substituents. Pacault, by measurements of magnetic 
susceptibility, also indicates certain electromeric structures, the exist- 
ence of which appears to be correlated with the particular biological 
property of carcinogenicity, and Daudel, like Schmidt, has envisaged 
the molecular alterations which might proceed from the proximity of a 
region rich in electrons to certain regions of protein molecules. These 
views, that the concentration of electrons is the preponderant cause, 
if not the only one, of the carcinogenic property, may possibly re- 
present an over-simplification, and are in any case subject to further 
scrutiny and test. But there is no doubt that they are symptomatic 
of the need for a deeper understanding of the manner in which carci- 
nogens operate, and that they would if confirmed, as Daudel says, 
effect a remarkable liaison between biological problems on the one 
hand and the most abstract regions of pure science on the other. 


BIOLOGICAL CONSIDERATIONS 


Turning next to the biological plane, it may be claimed that purely 
physiological methods have been surprisingly successful in the attempt 
to decipher the mechanisms of carcinogenesis. It is of course upon 
biological methods that we must depend for the primary data of 
carcinogenesis, and these may briefly be summarized before proceed- 
ing. In the first place, we have no reason to doubt the view, and 
every reason to support it, that the process is one which is local in 
origin, and is due to direct action of the carcinogen or its products 
upon the affected cells and that the change, once induced, is self- 
perpetuating and no longer dependent on the continued presence 
of the carcinogen. As to the nature of the transformation 
from the normal to the malignant cell, no interpretation can be 
sufficient which fails to take count of the great diversity of tumour- 
producing agents. Indeed, one of the most striking features of cancer 
is the multiplicity of its experimental causes, including not merely 
the variety of chemical compounds already considered, but physical 
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agents such as ultra-violet rays, X-rays, and the radiations emitted 
by radium and other radio-active elements. Such lack of specificity 
may be more apparent than real, and we have already shown that 
many of the chemical carcinogens have more in common than ap- 
pears. Further, since the pathological end-result in all cases is the 
same, it is probable that the cellular processes involved are not com- 
pletely dissimilar and may in fact have an identical basis, the same 
general types of interference with function being induced by a wide 
range of causes. This view is supported by the fact that different 
carcinogenic influences may summate or be inter-changed during the 
period of tumour induction, a result which is to be expected if cancer 
can result not only from a single chain of abnormal events but from 
several which lead by different routes to a common final path. We 
have previously pointed out that the basis of non-specificity in cases 
of this kind is probably the extremely limited number of possible 
physiological responses. As regards division, for instance, a normal 
cell can react in only one of three ways: (a) by continuing growth 
at a temporarily increased or decreased rate; (b) by ceasing growth; 
or (c) by undergoing malignant change so as to divide at a perma- 
nently increased rate. 

Although our central problem is the means by which so many car- 
cinogens produce malignant transformation in somatic cells, it is cer- 
tain that this is only a special case of the origin of discontinuous cellu- 
lar variation in general, as in bacteria, protozoa, fungi and plants. We 
suggested some ten years ago—and it has been fully borne out—that 
a study of the physiology of unicellular organisms, and particularly 
cf bacteria, might be of unique value in deciphering the fundamen- 
tal principles uf such variation, not because bacterial cells are in any 
way simpler, but because of the ease with which they can be manipu- 
lated and their environment controlled. As a result of experiments 
along these lines we concluded that the sources of discontinuous vari- 
ation are mainly environmental in origin, and that its induction in a 
given character depends upon two main requirements: (a) a cell which 
is inherently capable of such variation; (b) a source of environmental 
interference with the character in question. Special attention was 
given to the environmental conditions governing the origin of vari- 
ants with a permanently increased growth-rate, when it was found 
that such variants are produced not by any process of direct growth 
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stimulation, as might be expected, but appear as a sequel to a long- 
continued period of growth repression. It therefore seemed that when 
the growth of a potentially variable organism was continuously in- 
hibited by a process which allowed a sufficient proportion of the 
affected cells to survive, a relatively small number might undergo an 
irreversible change in their metabolic properties in virtue of which 
they were then able to achieve active multiplication in an environment 
which made this difficult, or even impossible, for their parent cell. 
That a general principle of this kind might well apply to the induc- 
tion of tumours was supported by the finding that the great majority 
of a long series of chemical carcinogens produced a rather character- 
istic inhibition of body growth and the growth of certain tumours in 
the rat, and that such activity was mostly absent in a similar series 
of related non-carcinogenic compounds. The main feature of the inhibi- 
tion brought about by the carcinogenic hydrocarbons is its relative 
prolongation, and it is almost certainly significant that X-rays and 
radium, also carcinogenic in certain circumstances, are equally capa- 
ble of producing a similar inhibition under the same circumstances, 
the most suitable conditions being (a) continuous exposure to a weak 
source of radiation, or (b) prolonged or repeated exposures. From 
such results there seems little doubt of a substantial correlation be- 
tween carcinogenicity and growth-inhibitory power, and it therefore 
appeared a possibility, as in the case of X-rays and radium, that the 
mode of action of chemical carcinogens might well be indirect, and 
that they could operate by retardation of the growth of normal cells, 
the latter eventually reacting to give a new race of cells with an in- 
creased rate of fission. While the correlation upon which this view 
is based seems sufficiently strong to justify it, undoubted exceptions 
occur which, if they are not enough to invalidate the hypothesis as a 
whole, indicate that we should regard it as a general approximation. 
Additional confidence in this view was, however, given by the dis- 
covery first of all that various derivatives of 4-aminostilbene possess 
such inhibitory properties par excellence, and only later that these 
compounds are, in fact, endowed with carcinogenic properties of an 
exceptionally interesting kind—an association which would seem to 
be more than one of chance alone. Many other workers from time 
to time have also regarded the malignant cell as representing a new 
race or strain, or as a discontinuous and irreversible somatic vari- 
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ant. The main interest of the present argument is the hint it gives 
of the origin of such variants—that cancer cells arise and commence 
their career of proliferation as an adaptation to a special type of 
conditions which impair the growth of normal cells. 


CARCINOGENESIS AND CELLULAR NUTRITION 


Still deeper insight into the mechanism of carcinogenesis has been 
gained by the application of biochemical in contrast with purely 
physiological methods. Boyland was among the first to study the 
action of the carcinogenic hydrocarbons and their oxidation products 
upon enzyme systems in vitro, and there is now a vast literature which 
in many ways suggests that the damage produced by the carcinogen 
in the normal cell may be correlated with enzyme poisoning, and 
that the resulting cell-adaptation, which we call malignant change, 
may be reflected in the appearance of newly developed “rogue” 
enzymes upon which the newly acquired growth properties may con- 
ceivably depend. 

One of the most remarkable developments in cancer research of 
the past few years has been the recognition that the carcinogenic 
action of azo compounds, and particularly of dimethylaminoazoben- 
zene, is greatly influenced by the diet, and especially dependent upon 
its content of protein, and the great bulk of such enzyme studies has 
been carried out with this exceptionally favourable material. Rhoads 
and Kensler, in a study of the induction of hepatic cancer by admin- 
istration of dimethylaminoazobenzene to rats taking a diet of brown 
rice and carrots, found that supplementing this diet with yeast or 
liver extract in adequate amounts completely prevented the develop- 
ment of tumours, the protective factor being none of the constituents 
of the vitamin-B complex then known. The effect of feeding the car- 
cinogen to animals taking the unsupplemented diet was an inhibition 
of the activity of at least two enzyme systems, cocarboxylase and 
cozymase, thus producing what these authors considered a conditioned 
or secondary deficiency disease. On the other hand, the development 
of the mutation which characterizes the malignant cell was accom- 
panied by the appearance of an oxidizing system insusceptible to 
the inhibitory effect of the toxic metabolic products of the carcino- 
gen, and Rhoads and Kensler looked on their results as the first 
demonstration that cancer tissue evoked by a chemical carcinogen 
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possesses an oxidative system immune to the inhibitory action of that 
carcinogen or of its metabolic products. 

We have already seen that the emergence of a malignant tumour 
has many analogies with discontinuous variation in bacteria, and 
there is little doubt that the phenomenon—probably on account of 
its fundamental and general nature—has features in common with 
such processes as smooth > rough variation in bacteria, and with 
acquired drug-fastness in bacteria and protozoa. A similar concep- 
tion has lately been formulated by Lederberg, on the basis of the 
studies by Beadle, Tatum and others of the genetic control of bio- 
synthetic reactions in the fungus Neurospora. Since field strains of 
Neurospora will grow on media containing only sugar, salts and 
biotin, it is concluded that the fungus is capable of synthesizing all 
other essential metabolites. As a result of mutation of single genes, 
the capacity for synthesis of different compounds (e.g., leucine) may 
however be lost—a process which possibly accounts for the differen- 
tiation and nutritional requirements of higher forms: it is obvious 
that the growth of the “/eucineless” modification of Neurospora would 
necessarily be regulated by the concentration of leucine available to 
it externally. Exceptionally, however, a gene mutation may once again 
lead to the capacity to synthesize such a metabolite, and Lederberg 
therefore correlates normal tissue cells with a culture of “leucine- 
less” Neurospora, and the malignant cell with a variant having a 
newly acquired or re-acquired capacity to synthesize an essential 
metabolite otherwise only available in regulatory amounts. Another 
possibly similar case was provided yesterday by Dr. Braun in the 
production by plant tumors of an auxin-like substance in non-regu- 
latory amounts. 

We have ourselves only very recently encountered a remarkable 
efiect of the naturally occurring pigment xanthopterin (syn. uropterin) 
upon the kidney of the rat, which is extremely reminiscent of a similar 
mechanism. Administration of this compound induces an increase in 
kidney size due very largely, if not entirely, to a direct stimulation 
of mitotic activity and cell division in the tubule epithelium. The 
efiect appears highly specific, and although a great deal of necessary 
investigation has still to be completed, the situation is highly sug- 
gestive of a device by which the normal growth and occasional hy- 
pertrophy of the kidney may be completely regulated and controlled, 
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by its dependence upon an essential factor which the organ is unable 
to synthesize and which must be supplied from elsewhere. If the 
mechanism should be fully substantiated, it is clear that two further 
questions will arise, one affecting its general validity, and the second 
concerning its implications for the origin of tumours. 

Is it possible that the co-ordinated growth of all the normal tissues 
similarly depends upon the supply of essential and specific growth- 
factors, the chemical variety of which may reflect the chemical basis 
of cellular differentiation? If so, may the chemical carcinogens first 
of all impede the growth and protein synthesis of normal cells by 
restricting the utilization or access of such essential metabolites? In 
such a case, we may yet be able to correlate the new and adaptive 
growth properties of the cancer cell, and especially its power of 
continued and unregulated growth, with the acquisition of a genetic 
property to synthesize an essential growth-factor, or factors, previ- 
ously supplied from an external source: on this view, the transfor- 
mation from normal to malignant would represent a change from a 
fastidious or comparatively exacting cell to a variant which is un- 
exacting and self-sufficient, and the autonomy of the cancer cell, 
which has long been known as its chief attribute on purely biological 
grounds, would receive its explanation in terms of cellular nutrition. 

The past fifteen years have seen enormous advances in our under- 
standing of the specific nutritional requirements of bacteria, protozoa 
and fungi, of the extent to which they are dependent upon inherent 
synthetic capacities on the one hand, and the supply of pre-formed 
metabolites on the other, and of the ways in which these properties 
may be altered by environmental changes and induced mutation. An 
indication has already been given that these principles have a rele- 
vance for biology far transcending their application to unicellular 
and free-living organisms alone, and we have seen how they are not 
merely suggestive but of practical value in increasing our comprehen- 
sion of the analogous situation in the origin of cancer. They also 
point the way to the next stage, namely, systematic investigation of 
the specific growth requirements of malignant cells, in comparison 
with those of their normal prototypes, in vitro. If such an investiga- 
tion is bound to be more arduous on technical grounds, it is certain 
to gain immeasurably from the experience already accumulated from 
nutritional studies in protists and fungi. 
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ENERGETICS OF THE MALIGNANT TRANSFORMATION 


Possibly the most striking feature of the cancer cell is its high 
stability, as shown by the manner in which its newly acquired proper- 
ties are transmitted and maintained, quite indefinitely and with no 
sign of reversion, in the course of serial transplantation. From this it 
is clear that, once a given carcinogen has effected the malignant 
transformation, its continued presence is no longer necessary for 
the subsequent autonomous growth of the tumour. In many ways the 
processes of cell division are reminiscent of a chain reaction or self- 
propagating mechanism which varies in the degree of control to which 
it is subject, and it may be that the new configuration of properties 
which distinguishes the malignant cell from its normal precursor can 
be expressed in terms of a different energy level. Highly suggestive 
of such a relation is the ease with which the normal cell may be con- 
verted into a malignant form, in contrast with the impossibility (thus 
far) of effecting a change in the reverse direction. It is also of the 
greatest significance that, while the normal and malignant cell types 
have their own levels of stability, and are therefore discontinuous in 
their properties, transition from the former to the latter is by way of 
intermediate forms of high instability. Berenblum and others have 
shown how carcinogenesis in the skin proceeds from the normal 
epithelium first to an early non-specific hyperplasia, secondly to a 
specific pre-neoplastic hyperplasia, and then to the emergence of 
papillomata, and how later stages can be recognized in the progressive 
growth of such papillomata, their conversion into carcinoma, and 
the uncontrolled growth of the latter. While the earlier stages in this 
sequence may be reversible (even in some cases to the extent of re- 
gression and disappearance of warts when the carcinogen is with- 
drawn), the later steps are quite irreversible, and take place equally 
well whether exposure to the carcinogen is continued or not. 

Considerable interest in the energy relations underlying such 
changes has been evoked by Schrédinger’s recent account of quan- 
tum theory in relation to biology and genetics. Schrédinger was led, 
from a study of the high degree of permanence and durability of the 
gene material on one hand and its discontinuous mutation on the 
other, to suggest that such phenomena may be explained in terms 
of quantum theory, and that mutations may in fact be due to quan- 
tum jumps in the gene molecule. For all practical purposes, the 
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origin of cancer is the outstanding example of an irreversible cell 
variation. It does not however, follow that this is necessarily so in 
an absolute sense, and I present here a lantern slide* which shows in 
schematic fashion, after Schrédinger, the energy barrier interposed 
between the stable states normal and malignant, with the minimum 
energy required to effect the change from one level to the other: it is 
obvious that amounts of energy less than the minimum will suffice 
only to produce impermanent changes which immediately revert. It 
would also appear, theoretically at any rate, that reverse transition 
from malignant to normal may be achieved by the application of a 
minimum amount of energy, greater than that required to change 
from the higher to the lower level: as to how much greater, nothing 
is known. In addition, the transition from normal to malignant is 
frequently marked not only by an increased growth rate, but also 
by loss of cellular differentiation. This inverse relation is also indi- 
cated in the figure, although it is far from being either simple or in- 
variable. 

An interpretation along these lines has almost certainly a close con- 
nexion with other features in the mode of action of carcinogens: for 
instance, recent work on the metabolism of 3:4-benzpyrene hints that 
it is not the hydrocarbon itself, or even one of its metabolites, which 
is the proximate carcinogenic agent, but rather the energy released 
during the transformation from one metabolite to another. Here, too, 
may possibly lie the true significance of the allegedly characteristic 
electronic properties of the carcinogenic molecule. Finally, it may 
provide a link between the carcinogenic action of X-rays, gamma 
rays, ultra-violet radiation and chemical compounds, in that all these 
agents may be, as Daudel has suggested, sources or carriers of en- 
ergy in such a form as can readily interfere with the normal growth 
of the cell. A similar argument has recently been used by Latarjet, 
from a comparison between ionisation and molecular activation in the 
primary action of radiations on micro-organisms. Highly-ionising ra- 
diations on the one hand, and ultra-violet radiation on the other, are 
found to produce lesions so similar that it is impossible to decide, 
from mere inspection, the nature of the stimulus which provoked 
them, and it is suggested that what they perform in common is to 


*Tllustrative material used by Dr. Haddow not included with Ms. 
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deliver to the appropriate location in the cell an amount of energy 
sufficient to produce an identical primary effect. From all these 
varied developments it would appear we are gradually approaching 
an understanding of cell variation in terms of the energies involved. 
Although an immense amount remains to be done, there can be no 
doubt of the profound significance of any such achievement, not only 
for the cancer problem but for biology as a whole. 


RELATION TO THE VIRUS OF CHICKEN SARCOMA 


Any complete solution of the mode of action, such as we hope to 
achieve in the future, must make clear the relation between chemical 
carcinogens and the tumour-producing viruses. The beginning of 
modern experimental research in cancer, in the latter part of the nine- 
teenth century, coincided with the rise of bacteriology. From that 
day until this, and very largely for that reason, there has always ex- 
isted a school of thought which seeks to interpret the origin of cancer 
as due to a process of specific infection. In its first phase, this belief 
was based not on evidence but on intuition, and was only later fol- 
lowed by deliberate attempts to isolate and identify the causal agent 
which it was felt—and which in many quarters it is still felt—must 
be present. Between forty and sixty years ago, this work merely 
resulted in a depressing catalogue of allegedly specific pathogens— 
bacteria, protozoa, yeasts and fungi—and Schaudinn stigmatized this 
period as the most melancholy chapter in the whole history of the 
subject. Nevertheless, the logical possibility still remains, and must 
therefore very willingly be admitted, that the etiology of cancer may 
in some way be bound up with processes of infection, and particu- 
larly with virus infection. 

Nowadays, however, the general thesis rests on evidence of a very 
different kind, dealing particularly with the filterable agent of sar- 
comata in fowls, of which the virus of the Rous chicken sarcoma is 
the best known example, with the milk factor involved in the causa- 
tion of breast cancer in mice, and with Shope’s papilloma virus in 
the rabbit. 

On the other hand, and opposed to any general infective theory of 
causation, is the school which senses that the neoplastic change has 
in its very nature something fundamental in biology, that it is a kind 
of change to which almost every type of cell in nature is liable in 
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appropriate circumstances, and that it is far more profound than 
could depend upon infection in the bacteriological meaning, by inde- 
pendent and specific parasitic micro-organisms. Thus, the great mass 
of fact shows that processes of infection in the natural history of can- 
cer are exceptional (that is, so far as we know), and not likely to 
be an indispensable feature of the induction of tumours. Contrari- 
wise, we already have the certain means of producing a great variety 
of experimental tumours at will, by the chemical carcinogens, in cir- 
cumstances which certainly do not require us to introduce the con- 
ception of a ubiquitous virus. 

The fascination of the present situation is that there is no differ- 
ence of opinion on the facts themselves. There is no debate concern- 
ing the remarkable properties of the chemical carcinogens, there is no 
question that an agent is transmitted in the milk, in mice of high lia- 
bility to mammary cancer, which largely determines the incidence of 
the disease in subsequent generations, there is no denying the causa- 
tion of the Rous chicken tumour by a virus-like agent. Differences 
arise only over the interpretation of these phenomena, which to some 
seem mutually incomprehensible, and to others even irreconcilable. 
But no one of these facts can invalidate any other, and it must there- 
fore be our purpose not to foster an antithesis between one school and 
another, but to seek a synthesis. 

The filterable agents of the avian sarcomata are submicroscopic 
particles extractable from the cells of such tumours, the Rous agent 
being the most familiar example. Tumours arising after inoculation 
of this and similar agents are derived from infection of the corres- 
ponding normal cells of the recipient host, and the salient features of 
this action are, first, that conversion of the normal cell to the malig- 
nant form may take place at once (in contrast to the action of the 
chemical carcinogens), and secondly, that the new tumours so in- 
duced usually conform in the minutest detail with the growth from 
which the agent was obtained, and usually continue in their turn to 
produce further large amounts of the specific virus. From immuno- 
logical experiments the Rous agent appears to contain (in addition 
to a specific antigen) a second antigen which is also present in normal 
fowl tissue. This remarkable serological property, coupled with in- 
tense specificity, and the apparent absence of any epidemiology what- 
ever, have always supported the conclusion that the Rous and allied 
agents arise intrinsically. 
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In approaching this matter, it seems that there is no likelihood 
whatever of success if we restrict ourselves to the traditional methods 
of bacteriology or of cancer research alone. The net must be cast 
much wider, and advances are in fact already being made in general 
cell physiology, usually without any direct reference to cancer or 
viruses, to which we must pay great attention and which offer the 
prospect of elucidating some at least of these problems. These ad- 
vances now constitute nothing short of a revolutionary view of the 
importance of the cytoplasm, as distinct from the nucleus, in cellular 
growth and heredity: pointing directly to a conception of genetic 
determinants lecated in the cytoplasm, they are of the greatest in- 
terest to students of cancer who had been independently considering 
the possibility, for other reasons, that malignancy is due to an altera- 
tion not necessarily restricted to the nucleus, but affecting the cyto- 
plasm as well. 

Perhaps the most apposite case is that described by Sonneborn in 
1943, in what must be regarded as one of the most significant bio- 
logical papers of the past ten years. Sonneborn, as he has explained, 
studied two heritable characters known as “killer” and “sensitive” 
in different races of Paramecium aurelia. The physiological situation 
is that fluid in which the killer race has lived kills individuals of 
the sensitive races, and that when pure races of the two types are 
crossed, the killer clones are found to derive their cytoplasm from 
the killer parent, and the sensitive clones are those with cytoplasm 
derived from the sensitive parent. This phenomenon was next shown 
by Sonneborn to be not merely a case of cytoplasmic inheritance, 
but due to the continued production of a cytoplasmic substance under 
the influence of a single gene known as K. The law governing this 
relationship was defined as follows: 


“Addition of the cytoplasmic determinant to an organism lacking the character 
dependent on it, but containing the required gene, results in the continued production 
of the cytoplasmic substance, in the development of the character determined by 
the combined presence of gene and cytoplasmic substance, and in the hereditary 
maintenance of the character in successive generations.” 

The parallel between this relationship on the one hand, and the 
propagation of the Rous sarcoma by virus on the other, is certainly 
remarkable, on the assumption that the Rous agent may indeed be a 
particle derived from or located in the cytoplasm—in other words, 
that it is a plasmagene. For this view there is in point of fact a good 
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deal of support from the physical and chemical resemblances be- 
tween the Rous agent and the submicroscopic microsomes of Claude, 
which are normally found in the cytoplasm. 

If then we admit that this may be a reasonable and suggestive 
hypothesis, Sonneborn’s law may be paraphrased for the special case 
of the Rous virus somewhat as follows: 


“Penetration of the mutant plasmagene into the cytoplasm of a susceptible normal 
cell—that is, a cell which lacks the character of malignancy which is partly de- 
pendent on it, but which contains the required gene—results in the continued pro- 
duction of the cytoplasmic substance, that is the virus, in the development of the 
character of malignancy determined by the combined presence of gene and virus, 
and in the hereditary maintenance of malignancy in successive cell generations.” 

In other words, there seem to be no differences of fundamental 
principle, between the activity of the Rous agent and the behaviour 
of a mutant plasmagene, and this suggestion, if correct, would account 
for the individual specificity of the fowl sarcoma agents, by which 
each transmits to the new host the characters of that particular 
tumour alone from which it was obtained. 

Although ous eventual aim must be a correlation, as complete as 
possible, between all the available facts, it is only within the past 
year or two that we have had any inkling of the way in which this 
might be achieved. We have already considered, firstly the associa- 
tion between the property of carcinogenicity and the capacity of chemi- 
cal carcinogens to produce a rather characteristic type of interference 
with normal growth, and secondly, the working hypothesis which then 
emerged, that the chemical carcinogens might operate by producing 
an interference with growth, of a kind to which the cells could adapt 
themselves only by an irreversible dedifferentiation, which would au- 
tomatically confer upon the new cell strain (that is, the induced tu- 
mour) a permanently increased rate of division. 

Quite recently, my colleague Elson has found that this initial in- 
hibitory action of the chemical carcinogens can be greatly reduced, 
or even prevented, by a diet sufficiently rich in protein. Particularly 
since it was already known that the experimental production of 
cancer of the liver by various azo compounds could be similarly de- 
layed or again even prevented, by administration of a high propor- 
tion of protein in the diet, we are beginning to consider whether the 
initial action of the carcinogenic hydrocarbons and other chemical car- 
cinogens may not be to inhibit growth by depleting the cellular pro- 
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tein, by rendering it unavailable, or possibly by interfering with its nor- 
mal synthesis, that the eventual emergence of the malignant cell may 
be achieved through an irreversible modification of protein synthe- 
sis, and that it is this re-orientation which underlies the unregulated 
and permanently enhanced capacity for growth. 

Starting from an entirely different approach, Crabtree has also 
found it tempting to speculate that a disturbance of enzyme function 
could lead, through the formation of a carcinogen-enzyme complex, 
and by cellular adaptation, to the emergence of a new type of protein 
with autosynthetic properties. Bearing in mind the physical and 
chemical similarities between the Rous agent and the non-infective 
particles, may it be that the filterable agent is a chemical variant of 
a normally occurring particle, produced through the action of a chemi- 
cal carcinogen? Certainly, this view can provide no explanation of 
the comparative rarity of cell-free transmission of tumours generally, 
but there is, on the other hand, a reasonable probability that eluci- 
dation of the nature of the Rous virus would furnish important prin- 
ciples applicable to cancer as a whole. This would certainly seem to 
be the opinion of Potter, who from purely biochemical evidence has 
suggested that the uncontrolled growth of cancer may be the result 
of competitive interference between two autosynthetic proteins 
—one a normal enzyme protein and the other a modified form which 
could arise spontaneously from mutation, be produced by the action 
of carcinogenic chemicals, or be introduced pre-formed as a virus. 
Everything points to the increasing recognition and importance both 
for physiology and pathology of competitive relations between cyto- 
plasmic proteins and other determinants. 

In all these varied possibilities, we are constantly reminded of the 
point to which Stanley originally drew attention in the case of the 
plant viruses, that the influence of such viruses can be likened to 
that of agents already present. In other words, the notion that the 
avian tumour viruses are of intrinsic origin may be related with the 
view that many of the plant viruses are autocatalytic proteins of 
ultimate host-cell origin. If the differentiation and rate of growth of 
both normal and malignant cells are controlled by particulate deter- 
minants in the cytoplasm, may it be that the Rous agent functions 
by imposing a decreased level of differentiation, and hence an in- 
creased rate of growth, upon the normal cell which it attacks? 
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Nothing can be more remarkable than the way in which these 
different trends and developments, some arising from cancer research 
itself and others from advances in biology generally, are gradually 
producing a unified picture in place of the two contrasting interpre- 
tations of the genesis of cancer. The ultimate solution of the origin 
of tumour viruses will no doubt be expressed in terms of enzyme and 
protein chemistry, in a new sort of taxonomy which will doubtless 
require the powers of a chemical Linnaeus and a modern Darwin com- 
bined. But it already appears that all these varied findings are irrecon- 
cilable only on the narrow view, and that there is a real prospect of 
deeper understanding if we change our viewpoint, and especially if 
we broaden it. Only in this way can we hope to follow the sequence 
as a whole, and to piece together all our facts, from wherever they 
come. 
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